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PRESSURF: AND HEAT-TRANSFER MEASUREMENTS 

ON A MERCURY CAPSULE MODEL* 

By John 0. Reller,  Jr., and H. Lee Seegmiller 

SUMMARY 

Convective heat-transfer r a t e s ,  surface pressures,  and schl ieren 
and shadowgraph p ic tures  of t h e  flow about t h e  body have been obtained 
f o r  t he  re-entry configuration of the Mercury capsule. Tests were 
conducted i n  t h e  a i r  streams of four separate f a c i l i t i e s  and were 
arranged t o  provide complementary information on t h e  e f f ec t s  of Mach 
number, Reynolds number, and stagnation enthalpy. The experimental 
r e s u l t s  have been correlated and a re  compared with theo re t i ca l  estimates 
of l o c a l  pressures and heat-transfer r a t e s .  Visual evidence of t h e  
pa t t e rn  of flow over t h e  capsule i s  re la ted  t o  t h e  experimental measure- 
ments and both are used t o  indicate  regimes of attached or separated 
flow. 

T e s t  r e s u l t s  were obtained a t  angles of a t tack  from 0' t o  10' f o r  
Mach nunibers from 3.4 t o  14.7 and stagnation enthalpies up t o  5000 Btu 
per  pound. Heat-transfer rates a t  the stagnation point of t he  nose 
(heat shield)  f o r  zero angle of a t tack agree with theo re t i ca l  estimates 
which a r e  based on measured pressure d is t r ibu t ions .  
of heating r a t e s  over t he  heat-shield surface develops a subs tan t ia l  
asymmetry with increasing angle of a t tack.  Heat-transfer r a t e s  over 
most of t h e  afterbody were less than 10 percent of t h e  stagnation heating 
r a t e .  In  some cases, however, t h e  e f fec ts  of flow separation were such 
t h a t  values up t o  40 percent of the stagnation heating r a t e  were encoun- 
tered. The magnitude of these heating rates can be estimated from 
measured pressure d is t r ibu t ions  i f  the nature of t h e  flow, whether 
a t tached or separated, i s  known. It appears t h a t  similar estimates f o r  
high-enthalpy conditions would have t o  take  in to  account t he  e f f ec t s  of 
any chemical nonequilibrium i n  t h e  loca l  flow. 

The d i s t r ibu t ion  

*Tit le ,  Unclassified 
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INTRODUCTION 

Aerodynamic heating i s  a bas ic  consideration i n  t h e  design of a 
vehicle which i s  t o  be capable of entering t h e  ea r th ' s  atmosphere from 
a c i rcu lar  o r b i t  and landing i n t a c t  on t h e  surface.  In  pa r t i cu la r ,  some 
protection i s  required t o  provide the  vehicle with both s t ruc tu ra l  
i n t eg r i ty  and a sui table  i n t e r n a l  environment. One approach t o  t h e  heat 
protection problem i s  t o  present a large and r e l a t ive ly  f l a t  surface 
normal t o  the  approaching a i r  and t o  keep remaining body surfaces i n  t h e  
wake region behind t h i s  shield.  By t h i s  means, t h e  convective heating 
rates in  the  nose region can be reduced because of t he  la rge  radius of 
curvature, although t h e  heating load i s  spread over a la rge  surface area,  
while afterbody surfaces may be shielded by immersion i n  a separated 
flow of r e l a t ive ly  low density.  The Mercury re-entry capsule., as 
or ig ina l ly  proposed by Faget, Garland and Buglia ( r e f .  1) ., i s  one 
configuration of t h i s  general type.  

The accurate estimation of afterbody heating f o r  such vehicles i s  
hampered, unfortunately, by a lack of knowledge about t he  behavior of 
separated flow. Such flows are  known t o  be  dependent upon l o c a l  Mach 
nwriber, Reynolds number, t h e  nature of t h e  boundary layer ,  and i n  t h e  
en t ry  s i tua t ion ,  upon surface temperature and chemical react ion r a t e s  
i n  dissociated a i r  a s  well .  
Chapman ( r e f .  2 ) ,  have helped t o  define t h e  bas ic  mechanism of heat 
t r ans fe r  i n  t h e  separated flow of an idea l  gas. 
out by Sprinks ( r e f .  3 ) ,  t he re  a re  a t  present no su i tab le  theor ies  f o r  
application a t  the  temperature l e v e l  of hypersonic f l i g h t ,  while only 
a very l imited amount of experimental work i s  avai lable .  
not imed ia t e ly  c lear  t h a t  a given s e t  of measurements of heating rates 
and pressures, obtained i n  a small-scale separated flow i n  an a i r  stream 
behaving e s sen t i a l ly  as an idea l  gas, can be d i r e c t l y  re la ted  t o  t h e  
corresponding quant i t ies  i n  t h e  fu l l - sca le  f l i g h t  environment. 
case of attached flow over a blunt  shape ( e  .g., r e f .  4), it has been 
possible t o  show a ra ther  d i r ec t  correspondence o f  t h i s  type.  
present instance t h e  lack  of t heo re t i ca l  b a s i s  may be overcome, i n  p a r t ,  
by an integrated experimental invest igat ion i n  several  complementary 
f a c i l i t i e s ,  since no one f a c i l i t y  can duplicate a l l  t h e  f l i g h t  conditions. 
An attempt toward t h i s  objective by t h e  cor re la t ion  of da ta  obtained i n  
several  t e s t  f a c i l i t i e s  forms the  purpose of t h e  present invest igat ion.  
The correlat ions include l o c a l  convective heat- t ransfer  rates., pressures,  
and flow v isua l iza t ion  data  f o r  t h e  afterbody as wel l  as t h e  nose of t he  
Mercury capsule. 
i n  a typ ica l  en t ry  t r a j ec to ry  a t  which t h e  vehicle i s  t rave l ing  a t  a 
Mach number of 15 a t  an a l t i t u d e  of 165,000 f e e t .  

Theoretical  s tudies ,  such as t h a t  by 

However, as pointed 

Thus it i s  

For t h e  

In  t h e  

The reference f l i g h t  conditions a r e  those f o r  a locat ion 

To t h i s  end, t e s t s  were conducted i n  an e s sen t i a l ly  cold-flow 
supersonic wind tunnel a t  Mach numbers from 3.5 t o  6 with free-stream 
Reynolds numbers approximating t h e  reference fu l l - sca l e  condition; 
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i n  a hypervelocity shock tunnel  a t  a Mach number of 8.4 with stagnation 
enthalpy close t o  t h e  reference value of 5620 Btu pe r  pound; and i n  a 
f ree- f l igh t  wind tunnel  at  Mach numbers from 3.5 t o  15 with approximately 
fu l l - s ca l e  Reynolds nunibers. I n  addition, these r e s u l t s  a r e  compared 
with theo re t i ca l  estimates of l o c a l  pressures and heat-transfer rates, 
with extension of such estimates t o  include t h e  conditions encountered 
i n  high- enthalpy f l i g h t .  
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SYMBOLS 

area,  f t 2  

drag coef f ic ien t  

pressure coef f ic ien t  

spec i f ic  heat of a i r  a t  constant pressure,  Btu/lb OF 

spec i f ic  heat of she l l  material, Btu/lb OF 

gravi ta t iona l  acceleration, 32 .l7 f t / sec2  

enthalpy, Btu/lb 

enthalpy of dissociat ion,  Btu/lb 

stagnation point  enthalpy, Btu/lb 

convective heat-transfer coeff ic ient  , Btu/ft2sec OF 

Mach number 

Lewis number 

Prandt l  nuniber 

Stanton nuaiber 

pressure,  lb / f t2 ,  except as noted 

dynamic pressure,  l b / f t2  

convective heat-transfer ra te  ( o r  heat-storage r a t e )  , Btu/ft"sec 

Reynolds number or radius of curvature 

maximum radius  of axisymmetric body 



4 

S 

%ax 

S' 

S 
R 
T 

t 

v 
W 

- 

W 

Z 

a 

n 

qr 
8 

)1 

P 

7 

0 

aft 

d 

e 

............... . . 0.. 0 .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
0 .  0 .  0 0 . .  ...... : w;: ....... 

'6 - *I - * 

distance along surface from model axis, ft 

distance along surface from stagnation point to base of 
hemisphere, ft 

distance along afterbody surface from edge of heat shield, ft 

dimensionless entropy 

0 temperature, R 

time, sec 

velocity, ft/sec 

weight, lb 

unit weight of shell material, lb/ft3 

ratio of molecular weight of undissociated air to mean molecular 
weight of gas mixture 

angle of attack, deg 

shock detachment distance, ft 

temperature recovery factor 

ray angle, deg 

viscosity coefficient, lb-sec/ft2 

density of gas, slugs/ft3 

model shell thickness, ft 

azimuth angle measured from windward meridian, deg 

Subscripts 

afterbody 

maximum diameter of axisymmetric body 

wall in thermal equilibrium 

I 

-. 

i 
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F chemically nonreacting or "frozen" 

2 l o c a l  inv isc id  flow 

r adiabat ic  w a l l  

S body stagnation point 

T reservoi r  condition 

W body surface or w a l l  

W f r e e  stream 

2 behind normal shock 

5 

* sonic point  

TEST FACILITIES 

Wind Tunnel 

Low-enthalpy t e s t s  were conducted i n  t h e  Ames 10- by 14-Inch 
Supersonic Wind Tunnel a t  Mach numbers of 5 and 6. This f a c i l i t y  i s  a 
continuous-flow wind tunnel t h a t  i s  supplied with dry air  at a nominal 
pressure of 6 atmospheres and a temperature suf f ic ien t  only t o  prevent 
condensation of t h e  t e s t  stream. Further d e t a i l s  of t h i s  f a c i l i t y  w i l l  
be found i n  reference 5.  
rear .  Heat-transfer data  were obtained by t h e  calorimeter technique 
with models precooled with l i qu id  nitrogen. 
in jec ted  i n t o  t h e  tunnel  reservoir  just  upstream of t h e  sonic th roa t  
cooled t h e  core of t h e  t e s t  stream as we l l  as t h e  t e s t  model. The 
control  and pressure r e l i e f  valves were su i tab le  f o r  sharp cutoff of 
t h e  coolant flow. With t h i s  system, it was possible  t o  obtain steady- 
s t a t e  model surface temperatures from 100' F t o  400° F below l o c a l  
recoverytemperatures,  depending i n  p a r t  upon t h e  t o t a l  temperature of 
t h e  tes t  stream. Test stream conditions, model stagnation conditions, 
and model s i ze  a r e  given in  t ab le  I. 

Test models were sting-supported from t h e  

With t h i s  system, nitrogen 

Shock Tunnels 

4 Tests were a l so  conducted i n  two hyperveloczty shock tunnels.  
of these f a c i l i t i e s ,  hereaf ter  referred t o  as t h e  2-inch shock tunnel ,  
has a 2-inch square t es t  section and i s  supplied with dry a i r  at a 
nominal reservoi r  pressure of s and enthalpy of 5410 B t u  

One 
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of high-energy a i r  i s  created with a ta i lored-  
uses combustion-heated helium as the  dr iver  

gas.  The method used t o  ca l ib ra t e  the  a i r  stream i s  similar t o  t h a t  used 
i n  reference 6.  
with a geometric nozzle area r a t i o  of 315, which f o r  flow i n  chemical 
equilibrium, was expected t o  develop 
Stream s t a t i c  pressure,  p i t o t  pressure,  and ve loc i ty  were measured a f t e r  
t he  manner of reference 6 .  
time of 2.5 t o  3.0 milliseconds. Analysis of t h e  ca l ibra t ion  data  a l s o  
revealed t h a t  t he  t e s t  stream w a s  probably not  i n  chemical equilibrium. 
Thus it appears t h a t  as a r e s u l t  of t he  nonequllibrium condition of t h e  
nozzle flow, the  t e s t  Mach number w a s  about 8.4 a t  a Reynolds number 
of l.lX106 per  foot .  Other free-stream and stagnation-point conditions 
a r e  l i s t e d  i n  t ab le  I. 

For t h e  present invest igat ion t h e  f a c i l i t y  w a s  ca l ibra ted  

rUa, = 3 i n  t h e  t e s t  air stream. 

These measurements indicated a usable tesking 

The second shock-driven f a c i l i t y ,  hereaf te r  referred t o  as t h e  
1-foot shock tunnel, w a s  i n  ca l ibra t ion  a t  t h e  time of t h e  present t e s t s .  
The operation of t h i s  f a c i l i t y  i s  similar t o  t h a t  of t h e  2-inch shock 
tunnel j u s t  described. 
of 260 atmospheres and an enthalpy of 4900 Btu per  pound provides a t e s t  
stream which i s  represented by t h e  conditions l i s t e d  i n  t ab le  I. A s ingle  
t e s t  was made with t h e  Mercury capsule configuration i n  t h i s  tunnel  t o  
obtain a schl ieren photograph of t h e  flow about t he  model. 
t h i s  photograph a r e  used herein.  

A reservoir  of dry a i r  a t  a nominal pressure 

Data from 

J 

A 
4 
8 
9 

- 

- 

Test models were sting-supported from the  r ea r .  A v i sua l  record of 
t h e  flow about models w a s  obtained with a spark-discharge schl ieren 
system a& by photographing the  luminous gas behind t h e  bow shock wave. 

Free Fl ight  

A number of f r ee - f l i gh t  t e s t s  of t he  Mercury capsule shape were 
conducted i n  t he  Ames Supersonic Free-Flight Wind Tunnel. In  t h i s  
f a c i l i t y  models a re  gun-launched upstream through t h e  t e s t  stream of a 
supersonic wind tunnel. 
ment, operational technique, instrumentation, and model design f o r  t h i s  
f a c i l i t y .  
about the models a t  known f l i g h t  conditions. These f l i g h t  conditions 
and t h e  corresponding stagnation-point values a r e  l i s t e d  i n  t a b l e  I. 

Reference 7 presents  t h e  d e t a i l s  of t h e  arrange- 

The data  obtained consis t  of shadowgraph p ic tures  of the  flow 
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MODELS AND INSTRUMENTATION 

Wind Tunnel 

Sketches of t h e  models used t o  obtain heat t r ans fe r  and pressure 
d i s t r ibu t ions  i n  t h e  low-enthalpy wind-tunnel t e s t s  a r e  shown i n  
p a r t s  (a) and (b) of f igure 1. Both models had t h e  modified shoulder 
configuration shown. 
frame over which a t h i n  outer  skin of s t a in l e s s  s t e e l  w a s  spotwelded. 
Thermocouple locat ions and tabulated skin thicknesses a re  shown on 
f igure  1( a) . Copper-constantan thermocouples were located as far as 
possible  from t h e  frame mer&ers t o  minimize conduction e f fec ts .  The 
nuniber 40 gage w i r e s  were inser ted i n t o  separate holes i n  t h e  skin and 
were attached with small amounts o f  s i l v e r  solder.  
were f i rs t  amplified and then recorded on an oscil lograph. 
model i s  shown i n  f igure  l ( b ) .  Afterbody o r i f i c e s  were located t o  provide 
surface pressure information at  a l l  posi t ions f o r  which heating rates were 
measured and a t  several  other points  i n  addi t ion.  Pressures were measured 
with conventional mercury and d ibuty l  U-tubes. 

The heat-transfer model consisted of a metal support 

Thermocouple s igna ls  
The pressure 

Surface f in i shes  of RMS 10 (25  microinches) were specified on both 
The modelnoses, while afterbody surfaces were t o  be RMS 16 or b e t t e r .  

former f i n i s h  i s  obtained by  polishing with progressively f i n e r  g r i t  
down t o  a nuniber 600 paper. 
of surface f i n i s h  were made on t h e  completed models. 
de te r iora t ion  of surface f i n i s h  w a s  observed during the  t e s t  program. 

No controlled measurements of t he  qua l i t y  
No apparent 

Shock Tunnel 

Sketches of t h e  heat-transfer and pressure models used f o r  t h e  
high-enthalpy t e s t s  i n  t h e  2-inch shock tunnel  a r e  shown i n  p a r t s  ( e ) ,  (d),  
and (e )  of f i gu re  1. Note t h a t  t he  shoulder configuration has been sim-pli- 
f i e d  t o  a square corner on these models. The heat- t ransfer  model w a s  
designed from preliminary estimates of flow time and l o c a l  heating rates. 
Calculations showed t h a t  it w a s  feas ib le  t o  use t h e  calorimeter technique 
of measurement f o r  the short  duration flows of t h i s  f a c i l i t y .  The calo- 
r imeter  element a t  t h e  stagnation point w a s  copper 0.010 inch th ick  with 
a r e l a t i v e l y  s m a l l  iron-constantan thermocouple fastened t o  t h e  inner  
surface. The element f o r  the  afterbody w a s  0.005 inch th ick  and w a s  
formed from t h e  lower half  of a butt-welded iron-constantan thermocouple 
cemented i n t o  a groove normal t o  t h e  flow direct ion.  Additional d e t a i l s  
a r e  shown i n  f igures  l ( c )  and 2(a) .  

A sketch of t h e  model used t o  measure afterbody pressures i s  shown 
i n  f igure  l ( d ) .  
diaphragm-type pressure transducers. 

The model w a s  made o f  s t a in l e s s  s t e e l  and housed two 
These units were designed t o  measure 
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small d i f f e r e n t i a l  pressures with s p i r a l l y  wound strain-gage elements, 
one of which w a s  mounted on each face of t h e  diaphragm. The do&le-gage 
diaphragm was found t o  be r e l a t i v e l y  insens i t ive  t o  temperature changes, 
compared t o  a s ingle  gage un i t .  The stagnation pressure model, shown i n  
f igu re  l ( e )  , used a p i e z o e l e c k i c  p r e s s w e  transducer mounted i n  t h e  
model support. 

A photograph of a heat- t ransfer  model i n s t a l l e d  i n  t h e  removable 
t e s t  section i s  shown i n  f igure  3 .  
l e f t  and t h e  model-support wedge a t  t h e  r igh t .  
were specified t o  be less than RMS 10 f o r  each tes t  and, because of 
abrasion of t he  model nose which occurred during t h e  blowdown following 
t h e  t e s t  period (see f i g .  2(b) f o r  example), t h e  nose cap was repolished 
or replaced a f t e r  each run. 

The nozzle e x i t  can be seen a t  t h e  
Model surface f in i shes  

Free F l igh t  

Two sets of models were used i n  t h e  present f r ee - f l i gh t  t e s t s .  The 
f i rs t  se t  consisted of models 1.65 inches i n  diameter made of t i tanium, 
while those of  t he  second group were 0.45 inch i n  diameter with a body 
of aluminum and a nose cap of phosphor bronze about 0.08 inch th ick .  
The models were not instrumented bu t  were used t o  obtain shadowgraph 
p ic tures  of the  model f l o w  f i e l d s .  The l a rge r  models were t e s t e d  a t  
Wch numbers from 3 t o  5;  t h e  smaller, from M = 6 t o  14.7. The shape 
was  t h e  same as those t e s t e d  i n  t h e  wind tunnel ( f ig s .  l ( a )  and l ( b ) )  
except for  t h e  shoulder region which d id  not have the  f l a t t ened  corner 
and f o r  a threaded section behind t h e  canis te r ,  which was necessary f o r  
launching. 
quoted or b e t t e r ;  carefu l ly  polished surfaces on t h e  s m a l l  models of ten 
had f in i shes  b e t t e r  than RMS 5 .  

Model surface f in i shes  were in a l l  cases as good as previously 

REDUCTION AND ACCURACY OF DATA 

Reduction of Wind-Tunnel Data 

The heat-transfer da ta  i n  the  wind tunnel  were obtained as an 
oscil lograph record of t he  temperature h is tory  of l o c a l  elements of t h e  
skin of a precooled model, while t h e  model w a s  being heated by t h e  tunnel  
a i r  stream. 
t o  heat-storage r a t e  with t h e  fami l ia r  equation 

The temperature-rise r a t e  of an element of skin w a s  converted 

= m+(dT/dt) 

A 
4 
8 
9 
-4 
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where 7, w, and + a re  propert ies  of t he  skin mater ia l .  Skin thickness 
T was determined on the  polished model p r i o r  t o  thermocouple i n s t a l l a -  
t i on ;  unit  weight w was assumed constant, The spec i f i c  heat + and 
i t s  var ia t ion  with temperature were assumed t o  be t h e  same a s  f o r  AIS1 
type 347 s t a i n l e s s  s t e e l  which has a nearly i d e n t i c a l  composition. 
Information on spec i f i c  heat was taken from reference 8 and i s  shown in 
f igure  4. 
graph record i n  a nmiber of ways. 
a t r a c e  was  read a t  t h e  e a r l i e s t  time consistent with t h e  establishment 
of a steady heat-input s i tua t ion ,  a s  i l l u s t r a t e d  in  f igure  5.  
shows t h e  va r i a t ion  of heat-storage r a t e  with w a l l  temperature f o r  a 
thermocouple on the  heat sh ie ld  where the r a t e  i s  r e l a t i v e l y  high, and 
p a r t  (b) shows a s imi la r  var ia t ion  at a low heating-rate locat ion on t h e  
conical  afterbody. 
t r a n s f e r  coef f ic ien t  i s  constant f o r  the range of temperatures encountered, 
measured heating r a t e s  should f a l l  on a s t r a i g h t  l i n e  which i n t e r s e c t s  
t h e  axis at  t h e  adiabat ic  w a l l  or recovery temperature. 
follows from t h e  bas i c  de f in i t i on  of convective heat- t ransfer  coeff i -  
c i en t ,  h, i n  t he  equation 

The last  term i n  equation (1) can be derived from an osc i l l o -  
In  the present  instance,  t h e  slope of 

Figure >(a) 

I f  it i s  assumed t h a t  t he  l o c a l  convective heat- 

This r e s u l t  

6 = h(T, - Tw) 

where Tr i s  t h e  l o c a l  recovery temperature. I f  heat l o s s  or gain by 
conduction and rad ia t ion  i s  negl igible ,  t h e  measured equilibrium w a l l  
temperature, Te, w i l l  be equal t o  
i n  t h e  present invest igat ion.  It can be seen i n  t h e  lower port ions of 
f igures  >(a) and >(b) t h a t  p a r t  of the  measured data  does f a l l  on such 
a l i n e  i n  each case. The r e su l t an t  coef f ic ien ts  a r e  shown i n  t h e  upper 
p a r t s  of t he  f igure .  The deviat ion of t he  da ta  i n  t h e  low-temperature 
region is  a t t r i b u t e d  t o  a l a g  i n  stream t o t a l  temperature following 
coolant shutoff (a bas i c  weakness of this system), while t h a t  i n  t h e  
high-temperature region i s  believed t o  r e s u l t  from l a t e r a l  conduction 
within t h e  model she l l .  
of steady-state convective heating, a t  l e a s t  t o  t he  accuracy of t h e  
p r e  sent inve st i gat  i on. ' 
dimensionless form as Stanton numbers 

T,. This w a s  assumed t o  be t h e  case 

Between these limits t h e  da ta  a re  representat ive 

% 

The stagnation point heating data have a l so  been presented i n  

h 
St = 

(3) 
- 

lA small semiempirical correction has been applied t o  some of t h e  
heat-shield da t a  t o  account f o r  l a t e r a l  conduction. 
wa l l  temperature gradient resu l ted  from a nonmiformity i n  t h e  cooled 
core of t h e  t e s t  stream. 
cooler  model surface t h a t  e x i s t s  during heating-rate measurements does 
not  appreciably a l t e r  boundary-layer development or t he  afterbody flow 
f i e l d  or, thus,  t h e  e f fec t ive  

In  several  runs a 

It i s  furthermore t a c i t l y  assumed t h a t  t h e  

Tr. 
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where density, veloci ty ,  and spec i f ic  heat a re  evaluated f o r  conditions 
behind t h e  normal shock wave. 
where hs r e f e r s  t o  model stagnation point conditions a t  zero angle of 
a t tack.  

Other da t a  a re  presented as the  r a t i o  h/hs, 

Reduction of Shock-Tunnel Data 

A i r  stream cal ibrat ion.-  A s  w a s  s t a t ed  e a r l i e r ,  the  invest igat ion 
i n  t h e  2-inch shock tunnel was t o  be conducted a t  t h e  same Mach nmiber 
as the  wind-tunnel t es t s ,  namely, % = 5 .  To accomplish t h i s  plan, it 

with the techniques discussed i n  reference 6.  With t h e  assumption t h a t  
t h e  f low was i n  chemical equilibrium, the  ca l ibra t ion  indicated t h a t  a 
t e s t  stream of approximately t h e  desired Mach rimer had been obtained. 
Subsequent t o  t h e  completion of t h e  present program, it was found t h a t  
t h e  cal ibrat ion results could be reduced by another and more general 
method which allows f o r  t he  p o s s i b i l i t y  of chemical nonequilibrium i n  
t h e  t e s t  stream. 
methods i s  given i n  appendix A. 
considered, t h e  stream Mach number i n  the  2-inch shock tunnel  i s  indicated 
t o  be  8.4; t h i s  value and t h e  corresponding nonequilibrium conditions were 
used i n  t h e  reduction of t h e  present data.  

A 
4 
8 
9 

w a s  f i r s t  necessary t o  ca l ibra te  t he  t e s t  stream. This wits car r ied  out 

< 

A summary of t h e  analysis  and results of t h e  two 
When t h e  nonequilibrium e f f e c t s  a r e  

A similar flow s i tua t ion  may, t o  some extent,  a l so  e x i s t  i n  t h e  t e s t  
stream of the  1-foot shock tunnel.  A t  present ,  however, t h i s  question 
has not been resolved so t h a t  for the  purposes of t h i s  report  t h e  t e s t  
stream in  the  1-foot f a c i l i t y  i s  assumed t o  be i n  chemical equilibrium. 

Chemical equilibrium in model flow f i e ld . -  The departure from 
chemical equilibrium of t h e  t e s t  stream of t h e  2-inch shock tunnel  implies 
t h a t  a similar condition may ex i s t  i n  t he  flow about models. 
of t h i s  s i tua t ion  i s  given i n  appendix B. It w a s  found i n  t h i s  analysis  
t h a t  t he  gas flow behind t h e  bow shock wave should be e i t h e r  i n  equilib- 
rium or close t o  t h e  equilibrium condition as it reaches t h e  stagnation 
point  of t h e  body. Similarly,  t h e  inv isc id  flow approaching t h e  corner 
of t h e  heat shield i s  indicated t o  make only a s m a l l  departure from 
chemical equilibrium. 
afterbody i s  indicated t o  be w e l l  i n t o  t h e  frozen flow regime. Thus it 
i s  possible t h a t  data  measured on t h e  afterbody may i n  some manner show 
t h e  e f fec ts  of a l o c a l  flow t h a t  i s  not i n  chemical equilibrium. 

An analysis  

On t h e  o ther  hand, t h e  inv isc id  flow over t h e  

Reduction of heat-transfer data . -  Heat-transfer data  were recorded 
by photographing an oscil loscope t r a c e .  
t h e  calorimeter element w a s  converted in to  heat-storage r a t e  with 

The temperature-rise r a t e  of 

equation (1) , as before,  with t h e  indicated 
time consistent with the  establishment of steady flow i n  t h e  t e s t  section. 
Unit weight w and spec i f ic  heat % were assumed constant, while t he  

dT/dt read a t  t h e  e a r l i e s t  
I' 
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mass of t h e  calorimeter element w a s  determined by d i r e c t  measurement of 
sectioned models after each run. Radiant heat t r a n s f e r  from the  shock- 
heated gas cap t o  t h e  model w a s  estimated from char t s  derived from 
reference 9 and was found t o  be  negligible.  Radiant heat f lux  from t h e  
model t o  t h e  tunnel  w a l l s  w a s  a l so  negligible.  
gradients i n  t h e  calorimeter elements were calculated and found t o  have 
no appreciable e f f ec t  on the  measured data. Lateral conduction e f f e c t s  
were estimated and a r e  included i n  t h e  over-all  estimate of accuracy 
shown la ter .  

Transverse temperature 

Stagnation point heating rates a re  presented as Stanton nuTdbers 
based on enthalpy poten t ia l .  Thus, 

i scp  
St = 

where again t h e  gas Fropert ies  a r e  referenced t o  conditions behind t h e  
normal shock wave. Heat-transfer r a t e s  measured at locat ions other  than 
t h e  stagnation point are presented as the r a t i o  of t h e  l o c a l  value pe r  
un i t  surface area t o  t h a t  a t  t h e  stagnation point t o  avoid t h e  necessi ty  
of estimating l o c a l  recovery enthalpies.  

Since both heating-rate measurements i n  t h e  shock tunnel and 
estimates from exis t ing  theor ies  f o r  ful l -scale  conditions at  locat ions 
downstream of t h e  body stagnation point are most readi ly  avai lable  i n  
t h e  form 
these  values and low-enthalpy wind-tunnel data  i n  t h e  form h/hs. 
f i rs t  t h a t  a t  high-enthalpy conditions it can generally be assumed 
t h a t  
expression 
value of spec i f ic  heat .  
Hr/Hs i n  response t o  real-gas e f fec ts .  I n  general t h e  recovery 
enthalpy % can be defined by t h e  relat ionship qr = (H, - H2)/(Hs - H2), 
where 

by (Pr)'I2 
conditions within t h e  boundary layer.2 
i s  found t o  be r e l a t ive ly  insensi t ive t o  temperature over t h e  range of 
present  i n t e r e s t ,  it can be shown by theo re t i ca l  calculat ions t h a t  l o c a l  
r a t i o s  of Hr/Hs f o r  a short  blunt  body a re  only a weak function 
of M, or Hs, for values of l& of about > or greater .  This i s  illus- 
t r a t e d  i n  t h e  top  pa r t  of f igure  6, where i s  shown as a function 
of l o c a l  Mach n w e r  i n  a generalized blunt body flow f o r  two represent- 
ative t e s t  conditions; f o r  an i d e a l  gas a t  

2A similar argument can be advanced f o r  t h e  case of a turbulent 
boundary l aye r  

;/&, it i s  necessary t o  consider t h e  relat ionship between 
Note 

Tw << Tr (or Ts) and therefore  H, << H r  (or Hs) , so t h a t  t h e  
c j f&  = (h/hs)(q/Hs) i s  va l id  f o r  a representative constant 

Consider now the  va r i a t ion  of enthalpy r a t i o  

7, f o r  t h e  case of a laminar boundary layer i s  approximated 

evaluated at a temperature and pressure representative of 
Now, since t h e  Prandt l  number P r  

Hr/Hs 

Moo = > (Hs = 160 Btu/lb) 
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and for  a r e a l  gas a t  
t r a j ec to ry .  
equations, a modified Newtonian pressure d i s t r ibu t ion ,  and t h e  gas 
propert ies  of reference 10. 
l o c a l  Mach nmibers up t o  about 4 and indicate  t h a t ,  as a f i r s t  approxi- 
mation,  low-enthalpy wind-tunnel da ta  f o r  blunt  shapes might be compared 
with high-enthalpy r e s u l t s  when i n  t h e  form 
e f fec t ,  t h e  "cold w a l l "  assumption (& << q) i s  applied t o  t h e  wind- 
tunnel  r e s u l t s .  

Moo = 22 (Hs = lO,7OO Btu/lb) i n  a t y p i c a l  en t ry  
The l a t t e r  calculat ions were made with the  normal shock 

The two curves agree within 5 percent f o r  

vis = (h/hs) ($/Hs). I n  

The second term i n  t h i s  comparison, namely, t he  r a t i o  of heat- 
t r ans fe r  coef f ic ien ts ,  h/hs, must a l s o  be  considered. 
t h e  low- and high-enthalpy h/hs 
be assumed t o  be similar. In tu i t i ve ly ,  t h i s  assumption of s imi l a r i t y  
would be most c losely s a t i s f i e d  i n  those regions where t h e  l o c a l  surface 
pressures can be described by t h e  Newtonian approximation. I n  other  
areas the  l o c a l  pressures and, a s  a r e s u l t ,  t h e  l o c a l  heating rates will 
no doubt be dependent t o  some extent on 
t h a t  both Moa and real-gas e f f e c t s  on l o c a l  h/hs r a t i o s  are such as t o  
l i m i t  t h e  d i r ec t  comparison of r a t i o s  t o  those surfaces with sub- 
s t a n t i a l  inc l ina t ion  t o  t h e  free-stream direct ion.  With t h i s  thought i n  
mind then, t he  v a l i d i t y  of one fu r the r  s implif icat ion w i l l  be discussed. 
It i s  suggested t h a t  f o r  such incl ined surfaces, t h e  r a t i o  
dropped from the  expression 
enthalpy r e su l t s ,  and t h a t  low-enthalpy h/h, r a t i o s  be compared d i r e c t l y  
t o  high-enthalpy v{s r a t i o s .  Again i n  the  top p a r t  of f igure  6 t h e  
e r ro r  introduced by t h i s  s implif icat ion i s  seen t o  be l e s s  than 10 percent 
( l oca l  H r / H s  
not more than about 5 percent within t h e  p r i o r  l imi ta t ion  of subs tan t ia l  
surface inc l ina t ion .  Furthermore, t h e  low-enthalpy numbers w i l l  be con- 
servative s ince t h e  neglect of 
l o c a l  heating r a t e s  r e l a t ive  t o  high-enthalpy r e s u l t s .  A sample compar- 
ison of t h i s  type i s  shown i n  the  lower p a r t  of f igure  6 where, f o r  a 
hemispherical shape, experimental r e s u l t s  from reference 11 are  compared 
with t h e  theory of  reference 12. 
of heating r a t e  with distance from t h e  stagnation point ac tua l ly  f a l l s  
below the theory a t  f i r s t ,  bu t  then r i s e s  above it a s  t h e  shoulder i s  
approached and t h e  flow enters  a region where t h e  magnitude of t h e  l o c a l  
pressures i s  no longer accurately defined by t h e  Newtonian model. 

A s  a f i rs t  guess 
d i s t r ibu t ions  around a b lunt  body might 

Ma and Hs. Thus, it i s  indicated 

i/c& 

Hr/Hs be $4, = (h/hs) (Hr/Hs) as applied t o  low- 

as  compared t o  unity) a t  l o c a l  Mach numbers up t o  3.5 ,  and 

Hr/Hs should lead t o  overprediction of 

I n  t h i s  case t h e  experimental var ia t ion  

Within t h e  framework of t h i s  simplified analysis ,  then, two 
conclusions can be drawn with regard t o  t h e  present invest igat ion.  
t h e  r a t i o  of l o c a l  t o  stagnation point heating on t h e  nose of t h e  capsule 
configuration should be insens i t ive  t o  e i t h e r  rYa, or Hs, a t  l e a s t  so long 
as M, 2 5 .  Thus, since t h i s  surface i s  s teeply  incl ined t o  t h e  free-  
stream direct ion,  a low-enthalpy h/hs 
c lose ly  comparable t o  t h e  corresponding i/&. a t  high-enthalpy condi- 
t i o n s .  Second, t he  afterbody heating-rate r a t i o s  a r e  probably a function 

F i r s t ,  

r a t i o  f o r  t h e  nose should 5e 
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of both M, and Hso 
are  not d i r e c t l y  applicable t o  a high-enthalpy environment. 

Therefore, low-enthalpy r e s u l t s  f o r  t h e  afterbody 

Collected Flow Visualization Data 

Shadowgraph p ic tures  of flow about t h e  model were obtained during 
t h e  t e s t s  i n  t h e  wind tunnel  a t  Mach numbers 3.5, 4.0, 7.0, and 6.0 f o r  
angles of a t t ack  of 0' and 10.6', w i t h  t h e  model surface at e s sen t i a l ly  
recovery temperature. The corresponding tes t  stream and model stagnation 
conditions a re  shown i n  table I, while a representat ive s e t  of p i c tu re s  
i s  shown i n  f igure  7. A t  some t e s t  conditions t h e  airf low over t h e  
afterbody w a s  su f f i c i en t ly  dense t h a t  a photographic record of t h e  
boundary layer  or t h e  separated flow region was obtained; a t  other  con- 
d i t i o n s  t h e  l o c a l  densi ty  gradients were below t h e  l i m i t  t h a t  could be 
resolved by t h e  o p t i c a l  system. Therefore, t o  increase t h e  usefulness 
of t h e  visual data, an attempt w a s  made t o  cor re la te  t h e  shock-wave 
pa t t e rn  over t h e  afterbody (which remains v i s i b l e  t o  lower densi ty  
leve ls )  i n  such a manner t h a t  t h i s  shock pa t t e rn  could be used t o  
ind ica te  whether t h e  afterbody flow was separated or attached. 
found t h a t  afterbody flows could be  divided roughly i n t o  th ree  regimes: 

It w a s  

1. Attached flow: This regime i s  characterized by a strong t r a i l i n g  
shock wave which extends t o  the  surface a t  t h e  in te rsec t ion  of t h e  cone 
and cylinder,  and a weak shock wave jus t  behind t h e  corner which stands 
a t  about t h e  l o c a l  Mach angle from the conical surface. 

2. Separated and reattached f low: In t h i s  regime t h e  flow separates 
a t  t h e  corner and reattaches at some downstream locat ion.  Reattachment 
on t h e  cone may give r i s e  t o  a separate shock wave, o r  t o  a wave which 
coalesces with t h e  t r a i l i n g  shock wave. The corner wave moves out from 
t h e  surface t o  allow f o r  t h e  thickness of t h e  separated region and t h e  
reduction i n  l o c a l  Mach nuniber. 
i n  t h e  v i c i n i t y  of t he  body. 

The t r a i l i n g  shock wave loses  de f in i t i on  

3. Separated flow: This flaw f i e l d  i s  iden t i f i ed  by  flow separation 
at  t h e  corner, a widely distended corner wave and a weak t r a i l i n g  shock 
wave t h a t  i s  far removed from t h e  body. 

It i s  obvious from t h e  general nature of these def in i t ions  t h a t  many 
intermediate flow s i tua t ions  w i l l  occur. However, it i s  believed t h a t  
t h e  l i s t e d  cha rac t e r i s t i c s  a r e  descriptive of t h e  range of conditions 
t h a t  w i l l  be encountered. 

Figure 8 presents  two schlieren p ic tures  and one self-luminous 
p ic ture  taken during t h e  investigation i n  the  shock tunnel; 

f igure  9 presents  a series of shadowgraph p ic tures  taken i n  t h e  free- 
f l i g h t  f a c i l i t y  a t  approximately t h e  same stream Rep-olds number and 
f o r  Mach nwllbers from 3.4 t o  14.7. 



14 

Accuracy of t h e  Results 

The estimated accuracy t o  which t h e  gas propert ies  i n  t h e  reservoi r  
and t e s t  stream of t h e  shock tunnel  are known are  compared with similar 
values for the  wind tunnel  i n  t h e  following table:  

8 

Lo ca t  ion 

v 

Reservoir 

I 
Stream 

t 

Property 

Pressure, p s i a  

Temperature, OR 

Enthalpy, Btu/lb 

S t a t i c  pressure,  p s i a  

P i t o t  pressure,  p s i a  

T o t a l  enthalpy, B t u / l k  

Velocity, fps  

Mach nmiber 

Reynolds nwnber/ft 

'Measured values . 
2Computed values . 

10- by 14-inch 
wind tunnel  

Nominal 
value 

72 .o 

66 5 

159 

0.158 

5 -31 

159 

2575 

5 *03 

3. 54X106 

Accuracy 
percent 

k0.5 

20 .3 

-10 .3 

-12.4 

21.3 

20 .6 

20.4 

k0.4 

k4.5 

2- inch 
shock tunnel  

Nominal 
value 

112100 

212960 

25410 

'0.81 

'74 .O 

5000 2 

'143 90 

8.46 2 

5. 1ox106 

.ccuracy 
percent 

k5 

+4 

24 

2 20 

24 

26 

-16 

+9 

+15 

A 
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9 
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The estimated accuracy of t h e  measured pressures and heat- t ransfer  
r a t e s  a re  shown i n  the  following tab le :  

coef f ic ien t ,  
Btu/ft2sec OF 

10- by 14-inch wind tunnel 2-inch shock tunnel  

0.0015 t o  0.015 

Heat-transf e r  10.00015 t o  0.0015 

Heat-transfer rate, 
Btu/ft2sec 

--- 
--- 

Surface pressure,  
p s i a  

0.05 t o  0.50 

0.50 t o  5.0 

Accuracy, 
percent 

+23 t o  +16 

+16 t o  t 8  

+6 t o  +3 

+3 t o  +2 

Range 

--- 

--- 

20 t o  100 

1500 t o  2500 

1.0 t o  2.0 

70 t o  80 

percent 

The above estimates of accuracy should be interpreted as approximate 
l i m i t s  on t h e  physicalmeasurements. 
t h a t  t h e  shock-tunnel results a r e  re la t ive ly  l e s s  precise  than indicated 
when reduced t o  coeff ic ient  form for a given s e t  of stream conditions, 
simply because t h e  t e s t  stream i t s e l f  cannot be accurately defined within 
t h e  framework of ex is t ing  measurements. 

It should be recognized, however, 

RESULTS AND DISCUSSION 

The r e s u l t s  of t h i s  invest igat ion a re  presented i n  graphical form 
i n  f igures  10 through 24. 
stagnation region and t h e  heat-shield surface, f igures  15 through 23 
cover t h e  conical af'terbody and parachute canis ter ,  and f igure  24 deals  
with t h e  problem of afterbody flow separation. The discussion w i l l ,  
i n  general, follow t h i s  same order and, with the  exception of t he  stagna- 
t i o n  region of t he  heat shield,  w i l l  consider t he  measured pressures and 
t h e i r  r e l a t ion  t o  theory p r i o r  t o  t h e  analysis of t h e  convective heat- 
t r a n s f e r  resu l t s .  

Figures 10 through 14 present r e s u l t s  f o r  t h e  
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Stagnation Region 

Convective heat- t ransfer  r a t e s  t o  t h e  stagnation point of t h e  heat 
Measured shield f o r  t h e  capsule a t  

da ta  are shown as open symbols, with each point representing the  average 
of a t  l ea s t  two independent measurements. 
represent estimated stagnation heating r a t e s  obtained with the  theory of 
reference 13, which has been applied both f o r  t h e  t e s t  conditions of 
t h e  present invest igat ion and f o r  t yp ica l  f l i g h t  conditions. 
expression 

a = 0’ a r e  presented i n  f igure  10. 

The cross-shaped symbols 

The 

i s  the  relat ionship found i n  reference 13 between t h e  l o c a l  flow conditions 
and gas propert ies  and t h e  convective heating r a t e  a t  t h e  stagnation point 
of an ax ia l ly  symmetric body. 
both idea l  and r e a l  gases and can be used t o  determine the  e f f ec t s  of body 
surface temperature. 
present invest igat ion since one purpose i s  t o  r e l a t e  low-enthalpy wind- 
tunnel  r e s u l t s  t o  data  f o r  high-enthalpy t e s t  conditions and t o  f l i g h t  
estimates. 
used t o  account f o r  t h e  difference i n  ve loc i ty  gradient a t  t h e  stagnation 
point  of t he  Mercury capsule as compared t o  t h a t  which would be predicted 
f o r  a simple hemisphere with a Newtonian pressure d is t r ibu t ion .  From 
measured pressure d is t r ibu t ions  (e.g., r e f .  14), t h e  gradient f o r  t h e  
capsule has been found t o  be about 27 percent greater  than f o r  a simple 
hemisphere; thus,  t h e  heating r a t e  as predicted by equation ( 5 )  should 
be about 13 percent grea te r .  

Note t h a t  t h i s  expression can accommodate 

For these reasons the  theory i s  a t t r a c t i v e  f o r  t he  

I n  the  present application, t h e  last  term i n  equation ( 5 )  i s  

The r e s u l t s  a r e  presented i n  t h e  form of Stanton nuniber as a function 
of Reynolds number i n  f igure  l O ( a ) .  
parameters a re  referenced t o  conditions behind t h e  normal shock wave. 
In  consideration of t h i s  figure it i s  important t o  recognize t h a t  t h e  
quant i ta t ive r e s u l t s  depend upon t h e  evaluation of t he  various gas 
propert ies .  
f o r  both t h e  wind tunnel  and shock tunnel  were obtained from t h e  r e s u l t s  
of t h e  a i r  stream ca l ibra t ion .  For t h e  f r ee - f l i gh t  t e s t ,  t he  known 
stream conditions and model ve loc i ty  were used with t h e  equations of 
motion and the  charts  of reference 15 t o  compute t h e  stagnation conditions. 
For fu l l - sca le  conditions, a shallow ent ry  t r a j e c t o r y  from a 100-mile 
o r b i t  was computed f o r  t he  nonl i f t ing capsule with a 
per  square foot .  I n  t h e  determination of t h i s  t r a j ec to ry ,  t h e  model 
atmosphere of reference 16 w a s  used. 

A s  noted on the  f igure,  the various 

I n  t h e  present invest igat ion,  model stagnation conditions 

W/C+ of 45 pounds 

Again t h e  stagnation propert ies  
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of t h e  r e a l  gas were computed with t h e  a id  of reference 15. 
stagnation conditions known, then, t h e  thermodynamic and transport  
p roper t ies  of t h e  real gas were evaluated from reference 10. 

With the  

It can be seen i n  f igure  l O ( a )  tha t  t h e  da ta  from t h e  low-enthalpy 
wind tunnel f o r  Mach numbers of 5 and 6 a re  i n  c lose agreement with t h e  
t h e o r e t i c a l  estimates.  
symbols and were obtained from equation (5) ,  i n  which, of course, t h e  
enthalpy of dissociat ion has gone t o  zero. 
t o  define t h e  so l id  l ine on the  f igure which passes through t h e  theoret-  
i c a l  estimates f o r  t h e  f r ee - f l i gh t  t e s t s  at M = 3.4 and 5.3. This l i n e  
has been dram t o  express t h e  well-known relatyon t h a t  
constant. This l i n e ,  then, represents t he  low-enthalpy, ideal-gas, 
stagnation-point heating f o r  t h e  configuration. It i s  noted, however, 
t h a t  both t h e  experimental and theore t ica l  r e s u l t s  for higher enthalpies 
depart from t h i s  l i n e  i n  an apparently consistent manner. 
both t h e  data  point from t h e  shock tunnel at  an enthalpy of about 
5000 Btu p e r  pound and the  corresponding theo re t i ca l  estimate are some 
35 percent above t h e  ideal-gas l i n e .  This difference i s  apparently not 
due t o  surface temperature e f fec ts  since the  theory of reference 13 
indica tes  t h a t  t h i s  e f f ec t  influences the  present results by l e s s  than 
5 percent f o r  t h e  range of surface temperatures of t h e  present invest i -  
gation. 
va r i a t ions  i n  gas propert ies ,  such as those due t o  dissociat ion,  with 
increasing enthalpy. 

These estimates a re  shown on t h e  f igure  by cross 

The wind-tunnel data serve 

S t J r  i s  a 

For example, 

More properly these differences would appear t o  r e f l e c t  t he  

To evaluate t h i s  apparent enthalpy dependence, t h e  r e s u l t s  have 
been converted t o  t h e  parameter, St(%):’2(€’r)z’3 
function of enthalpy i n  f igure 10(b) .  
introduced t o  obtain a parameter t h a t  i s  consistent with t h e  general 
form of Reynolds analogy. Estimates for a second entry t r a j ec to ry  a re  
a l s o  shown. The heating parameter shows a r e l a t i v e l y  weak dependence 
on enthalpy and the  s ingle  curve appears t o  cor re la te  t h e  stagnation- 
heating ra tes ,  a t  l e a s t  up t o  s a t e l l i t e  enthalpy leve ls ,  within about 
k5 percent.  It i s  believed t h a t  t h i s  ?-percent s c a t t e r  r e su l t s ,  i n  
la rge  p a r t ,  f r o m t h e  uncertainty i n  present knowledge of t h e  t ransport  
p roper t ies  of gases. 
i n  reference 4, thus  reaffirming t h e  conclusion t h a t  it should be possible 
t o  p red ic t  t h e  basic convective heat t r ans fe r  t o  t h e  stagnation point 
(a  = Oo) of t h e  full-scale version of t h i s  configuration with reasonable 
accuracy, a t  least i n  t h e  continuum flow regime. 

and a re  shown as a 
The Prandt l  number has been 

This correlation supports results presented e a r l i e r  

Heat Shield 

Pressure d is t r ibu t ion . -  Local pressures on the  heat shield,  ra t ioed 
t o  body stagnation pressure, a r e  given as a function of surface distance 
from t h e  body axis i n  f igure  11. Data for t h e  windward and leeward 
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meridians a t  angles of a t tack  of oo, 5', loo, and 15' a re  shown. 
pressure var ia t ions  i n  t h i s  f igure  a re ,  f o r  t he  most p a r t ,  i l l u s t r a t e d  
by resu l t s  obtained from references 14, 17, 18, and 19 since the  present 
r e su l t s  a r e  l imited t o  measurements on the  model ax i s  a t  i r r egu la r  angles 
of attack. Although these r e su l t s  a r e  not presented here they do substan- 
t i a t e  the var ia t ions shown i n  the  f igure .  
f o r  
t h e  stagnation enthalpy from about 130 t o  1900 Btu per  pound, a r e  wel l  
represented by the  so l id  f a i r e d  curve. A pressure d i s t r ibu t ion  obtained 
with t h e  use of  Newtonian theory i s  shown as a dashed curve. The experi- 
mental resu l t s  show t h a t  downstream of the  stagnation point t he  pressures 
a r e  lower than a re  predicted f o r  t h i s  spherical  surface; hence the  corre- 
sponding l o c a l  ve loc i t i e s  a re  higher. 
t o  t h e  e f fec ts  of t he  expansion a t  t h e  edge of t he  shield.  Since the  
l o c a l  flow i s  subsonic, these e f f ec t s  influence the  e n t i r e  region behind 
the  shock wave. A s  noted e a r l i e r ,  these differences indicate  increases 
i n  the  veloci ty  gradient and hence t h e  heating r a t e  a t  t he  stagnation 
point .  

The 

In f igure  l l ( a )  t h e  data  
a = Oo, f o r  which the  t e s t  Mach number var ies  from 1.6 t o  20.1 and 

These differences a re  a t t r i bu ted  

When the  capsule i s  inclined a t  some angle of a t tack ,  t he  s i t ua t ion  
becomes a b i t  more complex. Due t o  t h e  e f f e c t s  of t he  edge of the  heat 
shield,  the  stagnation point appears t o  s h i f t  t o  a locat ion other than 
t h a t  specified by geometric considerations. This s h i f t  i s  shown by 
r e s u l t s  a t  M, = 6.9 given i n  reference 19 and reproduced i n  f igure  12 
herein.  In  t h i s  reference oil-flow pa t te rns  were obtained at 
and it was found t h a t  t he  angle between the  r a d i a l  l i n e  containing the  
ac tua l  stagnation point and the  capsule center l i n e  w a s  about 20 percent 
l e s s  than the  angle of a t tack  f o r  a, between 5' and 20'. Stagnation 
poin ts  located by t h i s  c r i t e r ion  and pressure data  f o r  a = 5', loo, 
and 15' (windward and leeward meridian only) a re  shown i n  f igures  l l ( b )  
through (d) . In  each case, a Newtonian d i s t r ibu t ion  centered on t h e  
geometric stagnation point i s  a l so  shown as a reference curve. The 
r e s u l t s  are  similar t o  those f o r  a, = 0'. 
obtained w i t h  Newtonian theory a re  higher than t h e  experimental r e su l t s ,  
pa r t i cu la r ly  on t h e  windward side of t h e  stagnation point .  The good 
agreement among the  data  from t h e  several  sources ind ica tes  t h a t  these 
d is t r ibu t ions  a re  bas ic  t o  t he  configuration and a re  i n  a l l  l ikelihood 
applicable t o  t he  fu l l - s ca l e  vehicle .  Unfortunately, however, t h e  r e s u l t s  
shown i n  f igure  11 a l s o  imply t h a t  t h e  heat t r a n s f e r  may be d i f f i c u l t  t o  
pred ic t  and t h a t  it may vary subs tan t ia l ly  with angle of a t tack .  

& = 6.9 

For example, the  pressures 

Heating-rate d i s t r ibu t ion  .- Heating-rate d i s t r ibu t ions  on the  
windward and leeward meridians of t h e  heat shield a r e  presented i n  
f igure  13  a s  t he  r a t i o  of l o c a l  heat- t ransfer  coef f ic ien t  t o  t h e  
stagnation-point value at 
should be closely comparable on t h i s  highly incl ined surface t o  the  
r a t i o  
from the  present invest igat ion a r e  augmented by da ta  f o r  
reference 19. 

a, = 0'. This r a t i o ,  as discussed e a r l i e r ,  

Measured values i/{s, a, = 0' used a t  high-enthalpy conditions. 
= 9.6 from 

(Note t h a t  t h e  e f f ec t  of stream Mach number can be shown 
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t o  be su f f i c i en t ly  small t o  be neglected i n  t h i s  comparison.) 
( f i g .  13 (a) ) , t h e  heating-rate d is t r ibu t ion  obtained i n  t h e  wind tunnel  
agrees with t h a t  predicted with the  theory of reference 12. 
makes use of t he  cold-wall assumption and, as used here, it i s  employed 
with a pressure d i s t r ibu t ion  of t he  Newtonian form. 
between the  experimental and theore t ica l  r e s u l t s  i s  perhaps for tu i tous  
i n  view of t he  departure of measured pressures f r o m  the  Newtonian d i s t r i -  
but ion with t h e  corresponding increase i n  heating l e v e l  a t  t h e  stagnation 
point .  I n  any event, it would seem tha t  t h e  heating-rate d i s t r ibu t ion  i s  
r e l a t i v e l y  insens i t ive  t o  t h e  observed pressure differences,  a t  l e a s t  
a t  CL = 0'. Also shown i n  t h i s  f igure i s  a similar d is t r ibu t ion ,  from 
t h e  theory of reference 20 f o r  t h e  conditions of M, = 15 i n  t h e  fore- 
mentioned nonl i f t ing  entry t r a j ec to ry .  In  t h i s  case t h e  calculat ions 
were based on t h e  pressure d is t r ibu t ion  of f igure  11. The subs tan t ia l  
agreement between these theo re t i ca l  f l i g h t  r e su l t s  and t h e  previous 
experimental r e s u l t s  indicates  the relevance of low-enthalpy data  in t h e  
predict ion of heating r a t e s  f o r  t h i s  blunt face of a fu l l - sca le  vehicle.  

For CL = 0' 

This theory 

This agreement 

I n  f igure  l3(b) heating-rate d is t r ibu t ions  a re  shown f o r  angles of 
Appreciable changes i n  t h e  heating pa t te rn ,  a t tack  up t o  about 10'. 

par t i cu la r ly  on t h e  windward s ide  of the heat shield,  r e s u l t  from t h e  
va r i a t ion  i n  l o c a l  f l o w  propert ies  a t  these r e l a t ive ly  s m a l l  angles of 
a t tack .  In  par t icu lar ,  t he  region of maximum heating appears t o  move 
t o  t h e  windward edge of t h e  shield.  It would seem t h a t  t h i s  behavior i s  
t y p i c a l  f o r  t h e  configuration a t  least when the  boundary-layer flow i s  
laminar. 

The var ia t ions  of heating r a t e  with azimuth angle f o r  two dis tances  
from t h e  ax i s  as given by t h e  r a t i o  S/r are  shown i n  f igure  14.  Repre- 
sen ta t ive  curves have been f a i r ed  through some of t h e  data  t o  i l l u s t r a t e  
t h e  t rends.  
"inclined-cylinder" type of d i s t r ibu t ion  developing with increasing 
dis tance f romthe  or ig in  of flow. 

The r e s u l t s  a r e  generally as would be expected, with am 

B y  way of summary, then, t he  heating r a t e s  on t h e  sh ie ld  appear t o  
f a l l  i n t o  an understandable pa t te rn .  This pa t te rn  r e f l e c t s  t h e  influence 
of  t h e  expansion from s d s o n i c  t o  supersonic flow about t h e  corner a t  
t h e  edge of t h e  heat shield.  The expansion has a surpr is ingly la rge  
e f f e c t  on l o c a l  pressures and thus on heat- t ransfer  rates over t h e  entire 
sh ie ld  surface as well .  

Aft e rb ody 

Longitudinal pressure d is t r ibu t ion  .- Pressure data  f o r  t he  afterbody 
a re  presented i n  f igure 15 as a function of surface distance along a 
meridian l i n e  from t h e  edge of t h e  hea t  shield.  Several t heo re t i ca l  
estimates a re  a l so  shown. A s  shown in  f igure  l > ( a ) ,  t he  pressures 
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measured on t h e  conical surface a t  
over t h e  surface. 
pressure, they a re  somewhat i n  excess of t h e  theo re t i ca l  estimates.  One 
such estimate i s  shown as the  so l id  l i n e  at  
s ide  of t h e  f igure .  
be  reached if the  flow a t  the  edge of t h e  heat sh ie ld  were expanded two- 
dimensionally through the  angle bounded by  l o c a l  sonic flow conditions, 
on t h e  one s ide,  and by the  conical surface of t h e  af'terbody on t h e  other  
s ide .  To f i x  t h e  s i ze  of t h i s  expansion angle it w a s  assumed, i n  e f f ec t ,  
t h a t  sonic conditions were reached when t h e  flow from t h e  stagnation 
region had turned 45' t o  t he  free-stream di rec t ion  i n  t h e  expansion a t  
t h e  edge of t h e  heat ~ h i e l d . ~  
i s  therefore 65'. This theo re t i ca l  estimate corresponds t o  a l imi t ing  
case of attached afterbody flow and, as such, will provide a lower l i m i t  
of t he  pressures possible  i n  a n  ideal-gas flow. By comparison, then, 
t h e  measured pressures indicate  t h a t  t h e  flow i s  separated over t h i s  
surface; t h i s  r e s u l t  agrees with the  v i s u a l  evidence of f igure  7(a) .* 
!I'hi$ ra ther  simple method f o r  estimating pressures on t h e  conical pa r t  
of t h e  afterbody does not, of course, account f o r  any three-dimensional 
flow ef fec ts .  A s  a f i r s t  step,  these e f f ec t s  might be considered by use 
of t h e  second-order shock-expansion method of reference 2 1 t o  estimate 
t h e  surface-pressure gradient downstream of t h e  corner expansion. Results 
obtained i n  t h i s  manner a re  shown i n  t h e  l e f t  s ide of f igure  l5(a) as a 
dashed l ine ;  t h i s  estimate w a s  obtained with t h e  addi t ional  assumption 
t h a t  the gradient i s  constant along t h e  conical surface. It appears t h a t  
t h e  three-dimensional flow e f f ec t s  a r e  r e l a t i v e l y  small f o r  these condi- 
t i o n s  and t h e  estimates do not give r e s u l t s  i n  conf l ic t  with t h e  evidence 
f o r  f low separation discussed earlier. 

Q = 5 and a = 0' a r e  almost constant 
Although t h e  pressures are l e s s  than the  stream s ta t ic  

Cp = -0.0435 i n  t h e  l e f t  
This l i n e  indicates  t h e  pressure l e v e l  t h a t  would 

The resu l tan t  expansion angle a t  a = 0' 

0 The pressure l e v e l  on t h e  cy l indr ica l  sect ion a t  a = 0 i s  somewhat 
higher than t h a t  on t h e  cone, although much l e s s  than e i t h e r  t h e  two- 
dimensional or t h e  three-dimensional estimate f o r  attached flow. This 
observed pressure r i s e  on t h e  cylinder i s  perhaps surpr is ing because of 
t h e  apparent flow separation over the  conical  surface a t  t h i s  angle of 
a t tack .  However, t he re  i s  evidence of a weak t r a i l i n g  shock wave i n  
t h e  shadowgraph p ic ture  of f igure 7(a) which corresponds t o  t h i s  t e s t  
condition. Thus, t h e  flow pa t te rn  i n  t h i s  region i s  indicat ive of a 
p a r t i a l  reattachment of t h e  flow, a t  least t o  t h e  extent t h a t  can be 
inferred f romthe  response of t h e  l o c a l  flow t o  t h e  change i n  body shape. 
For a = loo, pressures on t h e  leeward meridian ind ica te  separated flow 

3This  assumption regarding t h e  sonic l i n e ,  although approximate, has 
been used t o  obtain estimates of pressures on t h e  afterbody i n  the  present 
investigation. It i s  real ized,  i n  f a c t ,  t h a t  t h e  sonic l i n e  i s  not 
s t ra ight  but  may have considerable curvature between t h e  shock wave and 
t h e  body surface. In  addition, it should i n  theory approach t h e  surface 
near ly  normal t o  t h e  flow j u s t  upstream of t h e  sharp corner. 

t h a t  the f l o w  w a s  separated over t h e  arterbody. 
t o  t h i s  conclusion have been l o s t  i n  t h e  reproduction process. 

4Careful inspection of t h e  o r i g i n a l  p r i n t  of f igure  7(a) indicated 
The f i n e  d e t a i l s  leading 

Lc 
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over t h e  afterbody, On t h e  windward side t h e  flow i s  attached (as the 
visual evidence of f i g .  7(b) shows) with t h e  pressure l e v e l  and gradient 
r a t h e r  w e l l  estimated on t h e  cone w i t h  t h e  Prandtl-Meyer expansion and 
t h e  correction from reference 21 ( the  dashed curve) . The pressure l e v e l  
on the  cylinder i s  close t o  t h a t  estimated with t h e  assumption of a 
conical compression from t h e  theore t ica l  pressure at  t h e  cone-cylinder 
juncture. 
on t h e  cylinder.  

Insuf f ic ien t  da ta  are available t o  assess  t h e  pressure gradient 

In  f igure  15(b) a pressure d is t r ibu t ion  i s  shown f o r  M, = 6, CL = Oo, 
and a t  about one-half t h e  free-stream Reynolds number of t h e  data f o r  
M, = 5 j u s t  discussed. 
l e v e l  of t h e  measured pressure on the conical section i s  much i n  excess 
of t h e  theo re t i ca l  estimate. In  f ac t ,  t h e  flow apparently d id  not expand 
much beyond the  free-stream direct ion,  as indicated by a comparison of 
t h e  measured pressures with t h a t  estimated f o r  a Prandtl-Meyer expansion 
of 45'. 
f o r  
separation i n  t h e  range of conditions covered by t h e  present t e s t s .  

Extensive f l o w  separation i s  indicated since t h e  

The differences between these r e s u l t s  and t h e  d is t r ibu t ions  
M, = 5 denote a strong influence of Reynolds number on afterbody 

In f igure  l5(c)  similar data  f rom t h e  shock tunnel a re  presented 
along with estimates obtained with the bas ic  theory f o r  two-dimensional 
flow. a, = 0' cover the  range shown by t h e  barred synibols, 
while two points  measured at 
estimate w a s  calculated by the  method of reference 22 and represents 
t h e  Prandtl-Meyer expansion of a r e a l  gas i n  equilibrium. 
mined on t h e  same geometric bas i s  a s  discussed e a r l i e r .  
da ta  and t h e  theo re t i ca l  estimates are i n  good agreement f o r  
t h i s  result could be interpreted as an indicat ion of attached afterbody 
flow. It w i l l  be remembered, however, t h a t  i n  an e a r l i e r  section the  
l ikel ihood of nonequilibrium f l o w  over t he  afterbody w a s  discussed. It 
i s  possible ,  therefore ,  t h a t  the  present agreement i s  for tu i tous  and t h a t  
t h e  data represent a s i t ua t ion  of separated flow on the  afterbody with a 
reduction i n  pressure l e v e l  due t o  a nonequilibrium expansion process. 
This p o s s i b i l i t y  w i l l  be considered fur ther  i n  t h e  treatment of convective 
heat- t ransfer  measurements i n  a l a t e r  sect ion.  

Data f o r  
a = 10' a re  a l so  shown. The theo re t i ca l  

It w a s  deter-  
The experimental 

CL = Oo, and 

Circumferential pressure dis t r ibut ion.-  In  f igure  16 pressure 
coef f ic ien ts  f o r  % = 5 a re  presented as a function of azimuth angle, 0, 
measured from the windward meridian of t h e  afterbody at five longi tudinal  
s t a t ions .  Curves have been f a i r ed  through t h e  data at  
i l l u s t r a t e  t h e  t rends shown by t h e  r e su l t s .  For angles of a t tack  close 
t o  zero, t h e  pressure i s  essent ia l ly  constant over t h e  conical surface.  
For a = 10.6O, where t h e  flow i s  attached on t h e  windward meridian, an 
in t e re s t ing  pa t te rn  develops with increasing distance from t h e  shoulder. 
A t  t h e  most forward s t a t ion  the  pressures i n  the  l e e  separated region 
are s l i g h t l y  higher than at 4 = 0'. A s  dis tance S ' / r  increases,  a 
cha rac t e r i s t i c  crossflow pa t t e rn  emerges with separation apparently 
occurring near @ = go0. 

a = 10.6~ t o  

The leeward pressures are fa i r ly  constant and 
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only s l igh t ly  greater  than a t  a, = 0'. 
i s  behaving much t h e  same as f o r  more conventional inclined bodies of 
revolution. 

Thus, t h e  flow on the  afterbody 

Real-gas e f f ec t s  on afterbody pressures.  - The previous discussion 
of afterbody pressures has shown t h a t  measured surface pressures and 
pressure gradients appear t o  be pa r t  of a recognizable pa t te rn  which can 
be  estimated with f a i r  accuracy i f  t h e  flow i s  attached. It i s  proposed 
then, t o  use t h e  same method of analysis  t o  indicate  t h e  e f f ec t  of t h e  
enthalpy l e v e l  of t h e  flow f i e l d  on afterbody pressures.  The r e s u l t s  
of t h i s  analysis  f o r  a = 0' a re  shown i n  f igure  17 where the  r a t i o  of 
afterbody pressure t o  stagnation pressure i s  given as a function of 
free-stream Mach rimer. Mach number, r a the r  than stagnation enthalpy, 
has been used as the  independent var iab le  t o  separate t h e  r e s u l t s  i n to  
several  groups and t o  f a c i l i t a t e  t h e  discussion. The dashed curves 
represent t heo re t i ca l  r e s u l t s  obtained f o r  real-gas Prandtl-Meyer expan- 
sions (wherein chemical equilibrium i s  maintained) t o  t h e  afterbody 
surface a t  the  corner of t h e  heat shield.  
Mach nunber i s  specified,  by implication, i n  terms of t h e  s t a t i c  temper- 
ature l eve l  of t h e  f r e e  stream. 
of 100' R, 400° R, and 1200° R, which roughly correspond t o  wind-tunnel 
conditions, t o  f l i g h t  conditions, and t o  t h e  shock tunnel conditions of 
t h e  present invest igat ion,  respectively.  The so l id  curve shown i n  
f igure  17 i s  a reference curve which represents t h e  var ia t ion  of t h e  
r a t i o  of free-stream to body-stagnation pressure with Mach number. 
var ia t ion i s  t h e  r e s u l t  of real-gas calculat ions which show t h a t  t h e  
r a t i o  p,/ps i s  only s l i g h t l y  affected by enthalpy level. The most 
important fea ture  of t h e  theo re t i ca l  r e s u l t s  i s  t h e  apparent increase of 
afterbody pressure l e v e l  with increasing enthalpy (Mach number), 
f inding implies, f o r  example, t h a t  a pressure measured i n  a wind tunnel  
a t  
a t  
shock tunnel used i n  t h e  present invest igat ion overestimates t h e  predicted 
afterbody pressure i n  f l i g h t  at the  same Mach number by v i r t u e  of t he  
r e l a t ive ly  higher s t a t i c  temperature of t h e  stream. Thus within t h e  
l imitat ions of  t h i s  analysis  it i s  indicated t h a t  pressure measurements 
on an afterbody configuration of t h i s  type i n  ground-based f a c i l i t i e s  are 
not ,  i n  general, d i r e c t l y  applicable t o  f l i g h t  conditions, even i n  t h e  
most simple case of attached flow i n  chemical equilibrium. 

The enthalpy l e v e l  a t  any 

Curves a re  shown f o r  stream temperatures 

This 

This 

M, = 5 would underestimate, by a f ac to r  of 3, t h e  pressure predicted 
rYa, = 15 i n  f l i gh t .  I n  a similar manner  a pressure measurement i n  t h e  

The experimental r e s u l t s  f r o m t h e  present invest igat ion and from 
references 14, 17, 18, 19, and 23 shown i n  f igu re  17 apply t o  t h e  forward 
half  of the  conical surface as shown i n  t h e  sketch. I n  general, t h e  data  
a r e  represented by a b a r  which ind ica tes  t h e  range of pressures t h a t  w a s  
measured. Note t h a t  t h e  curve f o r  attached afterbody flow at  
i s  a good lower l i m i t  f o r  t h e  da ta  from t h e  various wind tunnels.  
measured pressures a re  indicat ive of flow separation.) 
t h e  s ta t ic-pressure curve at  
sures w i l l  exceed t h e  stream pressure a t  Mach numbers above t h i s  value. 

T, = 100' R 
(Higher 

This curve crosses 
rYa, = 9.5 and ind ica tes  t h a t  afterbody pres- 
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Variation of afterbody pressures with angle of a t tack.-  Pressure 
coef f ic ien ts  a t  several  longi tudinal  s ta t ions  on t h e  windward and leeward 
meridians of t h e  afterbody are  shown as a function of body angle of 
a t tack  i n  f igure  18. 
estimates f o r  attached flow on the  conical section, based on t h e  two- 
dimensional form of t h e  simplified analysis t h a t  was  introduced i n  
f igure 15. 
increasing Mach number and with t h e  aid of r e s u l t s  from references 14  
and 18 cover t h e  range from 
a r e  i n  fa i r  agreement both i n  t rend  and i n  magnitude on t h e  windward merid- 
ian of t h e  cone a t  t h e  la rger  angles of a t tack  and a t  the  higher Mach num- 
bers .  The agreement i s  taken t o  indicate t h a t  t h e  l o c a l  flow i s  attached. 
A t  t h e  smaller angles of a t tack  and on t h e  l e e  s ide of t he  body t h e  agree- 
ment i s  not s o  good and, when combined with t h e  ava i lab le  photographic 
evidence of t h e  flow pa t te rns ,  indicates t h a t  t h e  afterbody flow i s  gener- 
a l l y  e i the r  p a r t l y  or wholly separated. Measured pressures on the  conical 
surface a re  i n  excess of t heo re t i ca l  predict ions.  The cy l indr ica l  portion 
of  t he  afterbody i s  unique i n  tha t  very subs tan t ia l  pressures can occur on 
t h i s  surface when the  flow over the  cone i s  apparently separated (see the  
windward meridian at a from 0' t o  10' i n  f i g .  18 (b ) ) .  A s  mentioned 
e a r l i e r ,  t h i s  s i t ua t ion  i s  indicative of f l o w  reattachment on the  cylinder 
and i s  thought t o  be r e l a t ed  t o  t h e  pr ior  t r a n s i t i o n  of t h e  f r e e  boundary 
a t  t h e  edge of t h e  separated region as i l l u s t r a t e d  a t  
ure 7(a) .  
namely, t h a t  t h e  flow over t h e  afterbody approaches attachment with 
increasing Mach number. 
point,  since t h e  stream Reynolds number i s  about t h e  same i n  a l l  cases, 
while t h e  Mach nwriber increases from1.6 t o  6.0. 
i s  not c l ea r ly  understood. 

t h e  flow f i e l d  i n  t h e  region of t h i s  afterbody configuration and t o  
account f o r  many of t h e  observed pressure var ia t ions .  
y s i s  depends on a p r i o r  knowledge of flow separation which, even f o r  
wind-tunnel r e s u l t s ,  i s  d i f f i c u l t  t o  p red ic t  i n  advance. 
therefore ,  of t h e  occurrence of flow separation i n  t h e  high-enthalpy 
flow associated with a fu l l - sca le  vehicle would be even more uncertain.  

var ia t ions  of heat- t ransfer  coeff ic ient  along t h e  windward and leeward 
meridians of t h e  afterbody a re  presented i n  f igure  19 f o r  rUa, = 5 and 6 .  
The experimental r e s u l t s  a r e  compared with theo re t i ca l  estimates obtained 
with t h e  methods of references 24 and 25.  For t h e  laminar boundary-layer 
estimates,  l o c a l  Reynolds numbers are based on t h e  length of run from the  
geometric stagnation point  and the  surface pressures a re  those shown i n  
f igu re  15 f o r  t h e  appropriate theory f o r  three-dimensional flow. For 

= 5 and a = Oo, t h e  experimental r e su l t s  ind ica te  t h a t  t h e  heating 
r a t e s  on the  conical surface increase with increasing dis tance.  This 
t rend  i s  opposite t o  t h a t  predicted for attached laminar f l o w  but  the  
l e v e l  i s  similar (about 5 percent of t h e  stagnation value).  

Experimental resu l t s  are compared with theo re t i ca l  

The several  p a r t s  of f igure 18 a re  arranged i n  order of 

= 1 . 6  t o  rYa, = 20. Theory and experiment 

% = 4.0 i n  f i g -  
One addi t iona l  feature  of importance i s  shown i n  f igure  18, 

Figures 18(a) ,  (b) , ( e ) ,  and (e) i l l u s t r a t e  t h i s  

A t  present t h i s  e f f ec t  

To summarize these r e s u l t s  br ie f ly ,  it appears feas ib le  t o  analyze 

However, t h e  anal- 

The prediction, 

Longitudinal d i s t r ibu t ion  of heat-transfer r a t e s . -  Longitudinal 

E s t i m a t e s  - 
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f o r  laminar separated flow from t h e  theory of reference 2 a re  a l so  shown. 
This method indicates  heat-transfer rates i n  a laminar separated region 
t h a t  are about one-half t h e  value f o r  attached flow. 
with t h i s  theory indicate  b e t t e r  agreement with t h e  experimental results 
only at t h e  most forward s ta t ion ,  S ' / r  = 0.43. 
theories for  e i t h e r  attached or separated flow indica te  decreased heating 
r a t e  with increased distance,  t h e  experimental r e s u l t s  which show t h e  
opposite t rend a re  interpreted t o  mean a separated flow region f o r  which 
t h e  free boundary i s  i n  a t r a n s i t i o n a l  s t a t e .  
phenomenon i s  reported i n  reference 26. 

The r e s u l t s  obtained 

I n  addition, s ince t h e  

A n  invest igat ion of t h i s  

The var ia t ions  i n  heating r a t e  on the  conical surface at  a = 1' 
and 2' are  similar t o  those f o r  
leeward heating r a t e s  increase more rapidly with angle of a t tack  than 
those on t he  windward side.  a = 2 O ,  lee-side rates 
a r e  about double those a t  
from the t r ans i t i ona l  nature of t h e  separated flow and i s  a l so  evidenced 
by unusually high recovery temperatures a t  t h i s  t e s t  condition. 
of t h e  o r d e r  of 10' windward heating r a t e s  a re  about 10 percent of t h e  
stagnation value, while leeward values drop again t o  about t h e  a = 0' 
l eve l .  

a = 0'. It i s  noted, however, t h a t  t h e  

For example, f o r  
a = 0'. This behavior i s  thought t o  r e s u l t  

For a 

On the  cy l indr ica l  section at small angles of a t t ack  t h e  measured 
r a t e s  a t  one locat ion a re  about one-fourth t h e  stagnation point value. 
This ra te  i s  much above t h e  predict ion f o r  attached laminar flow. For 
example, t he  theory indicates  a heat-transfer coef f ic ien t  for laminar 
flow of abouk 0.001, a value subs tan t ia l ly  less than t h a t  measured 
a t  a = 0'. 
flow i s  indicated.  
value i f  turbulent flow i s  assumed t o  or ig ina te  a t  
l o c a l  pressure i s  t h a t  f o r  a conical compression from t h e  three-  
dimensional pressure l e v e l  f o r  attached flow on t h e  cone. 

For t h i s  reason t h e  p o s s i b i l i t y  of a reattached turbulent  

S ' / r  = 1.5 and t h e  
The predicted r a t e  a t  a = 0' agrees with t h e  measured 

Results f o r  .Ea, = 6 are similar t o  those for 
i n  figure lg(b). The measured heating r a t e  on t h e  cylinder i s  high, 
par t icu lar ly  i n  view of t h e  pressures measured a t  t h i s  Mach number. 
These pressures were near ly  constant over t he  e n t i r e  afterbody. The 
l e v e l  of heating r a t e  i s  again taken t o  mean a t  least a p a r t i a l  reat tach-  
ment o f t h e  flow with a turbulent  boundary layer  on t h e  cy l ind r i ca l  
sect  ion. 

M, = 5 ,  and are shown 

One f i n a l  point w i l l  be made concerning t h e  longi tudinal  d i s t r ibu t ion  
of heat-transfer r a t e .  The prevalence of separated flow and i t s  apparent 
t r ans i t i ona l  nature a t  t h e  Reynolds numbers of t h e  present invest igat ion 
r a i s e  the question of whether afterbody heating r a t e s  might not be sensi-  
t i v e  t o  cooling of t h e  boundary layer  as it passes over t h e  heat sh ie ld .  
To check this  p o s s i b i l i t y  one s e t  of data  was obtained on a model which 
had a s o l i d  copper heat sh ie ld  i n  place of t h e  normal t h i n  s t e e l  s h e l l .  
By means of t h e  added thermal mass t h e  temperature of t h e  nose w a s  held 
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t o  a lower value during the  reheat period when data  were taken. 
r e s u l t s  a r e  shown i n  f igure  20 f o r  both 
denote r e s u l t s  from a normal t e s t  i n  which the  average afterbody-surface 
temperature w a s  somewhat below the  heat-shield temperature; square symbols 
denote r e s u l t s  obtained f o r  a condition where t h e  reverse i s  t r u e .  Lower 
heating r a t e s  were measured with a r e l a t ive ly  cold heat shield,  especial ly  
on t h e  cy l ind r i ca l  section. 
change would denote a more widely separated flow. Increased separation 
might r e s u l t  i f  t h e  boundary layer  were more s t ab le  i n  the  expansion 
region, and increased s t a b i l i t y  could e x i s t  by v i r t u e  of energy removal 
by t h e  cold surface of t h e  heat shield.  
t h a t  reported i n  reference 26 where, for a sharp-nosed body, t r a n s i t i o n  
Reynolds numbers i n  a separated flow region were consis tent ly  lowered by 
decreases i n  w a l l  temperature. 
r e l a t i v e l y  meager, it might be wel l  t o  note, nevertheless,  t h a t  t h i s  
e f f ec t  ( the  influence of model surface temperature on the  extent of sepa- 
ra t ion)  places  an added l imi ta t ion  on t h e  usefulness of wind-tunnel 
measurements i n  separated-flow regions behind blunt  bodies. 

The 
Ea, = 5 and 6. Circle  symbols 

Under the  present l i n e  of reasoning t h i s  

This r e s u l t  tends t o  d i f f e r  from 

While t h e  r e s u l t s  presented herein a re  

Circumferential d i s t r ibu t ion  of heating r a t e s  .- Representative 
hea t - t ransfer  coef f ic ien ts  a re  p lo t ted  as a function of azimuth angle 
i n  f igu re  21, and curves have been fa i red  through Jhe data  a t  a = 2'. 
On t h e  conical  afterbody a t  t h e  highest r a t e s  
were measured on t h e  l e e  s ide of t h e  body as noted e a r l i e r .  Pressures 
measured a t  this locat ion (see f i g .  16) do not provide an explanation 
of t h i s  behavior. A t  a = 10.6' t h e  d i s t r ibu t ion  i s  much l i k e  t h a t  on 
an incl ined cylinder.  On the  cylinder a t  S ' / r  = 1.93 a small change 
i n  angle of a t tack  gives r i s e  t o  a very pronounced var ia t ion  i n  heating 
r a t e s .  "his var ia t ion  i s  i n  la rge  par t  ascribed t o  the  e f f ec t s  of flow 
asymmetry on t r a n s i t i o n  and reattachment of t h e  flow boundary. 

S' /r  = 0.88 and a, = 2 

Variat ion of afterbody heating r a t e s  with angle of attack.-  The 
e f f e c t s  of angle of a t t ack  on afterbody heating r a t e s  at  two spec i f ic  
loca t ions  a r e  shown i n  f igure  22. 
form t o  f a c i l i t a t e  comparisons. 
for t h e  conical  surface a t  
r e t i c a l  curves a r e  shown; both a r e  estimates f o r  an attached laminar 
boundary l aye r  and a re  based on t h e  method of reference 24. The so l id  
l h e  represents estimates based on the pressure l e v e l  for two-dimensional 
flow over t h e  conical section, while t h e  estimates shown by the  dashed 
l i n e  include t h e  three-dimensional pressure gradients  predicted by 
reference 21. This l a t t e r  estimate i s  consis tent  with the  theo re t i ca l  
b a s i s  used i n  both f igures  15 and 19. 
and s m a l l  pos i t ive  values of a, the  theo re t i ca l  curves can show no more 
than order-of-magnitude agreement with the  experimental r e s u l t s  since a l l  
t h e  da t a  presented a re  probably subject t o  t h e  e f f e c t s  of some degree of 
flow separation. On t h e  windward side of t h e  body, however, most of t he  
experimental r e s u l t s  approach t h e  predicted t r end  of the  three-dimensional 
v a r i a t i o n  at  l a rge r  angles of attack. The s ingle  da ta  point a t  a = 30' 

Heating r a t e s  a r e  presented i n  r a t i o  
I n  f igure  22(a) r e s u l t s  a r e  presented 

S ' / r  = 0.9, roughly the  midpoint. Two theo- 

It i s  c l ea r ,  t h a t  at  negative 
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from reference 17 suggests an approach t o  a more two-dimensional flow 
environment when t h e  afterbody surface has a pos i t ive  inc l ina t ion  t o  t h e  
free-stream direct ion.  
worthy of notice,  pa r t i cu la r ly  t h e  higher enthalpy r e su l t s  of t h e  present 
investigation and those of reference 18. Both s e t s  of measurements indi-  
ca te  heating r a t e s  t h a t  a r e  considerably lower, r e l a t i v e  t o  the  stagnation 
point  reference value, than a re  predicted with t h e  t h e ~ r y . ~  The magnitude 
of these differences i s  s t i l l  of questionable significance,  however, since 
t h e  present r e s u l t s  a re  probably subject t o  e f f e c t s  of nonequilibrium flow 
over the afterbody while those from reference 18 may be low f o r  reasons 
t h a t  are discussed i n  t h a t  report .  rVa, = 3.5 and a = 10' 
and 13' taken from reference 23 a r e  higher, by a f ac to r  of two, than t h e  
prediction of t h e  theory and are  believed t o  represent a boundary layer  
t h a t  i s  e i t h e r  i n  t r ans i t i on  or i s  turbulent .  a = 0' 
and 5' from t h i s  same reference have an arrow attached t o  each symbol 
( i n  f i g .  22(a)) t o  denote t h a t  l o c a l  heating r a t e s  were below t h e  minimum 
value t h a t  could be resolved by t h e  data  recording system used i n  those 
t e s t s .  

Several exceptions t o  t h e  general t rend a re  

The r e s u l t s  a t  

Data points  a t  

In  f igure  22(b) heat-transfer results a re  presented f o r  t h e  cylin- 
d r i c a l  surface of t h e  arterbody a t  
a var ia t ion  i n  heating r a t e s  with angle of a t tack  predicted by theory f o r  
a boundary layer  t h a t  i s  both attached and laminar. 
an estimated var ia t ion  f o r  a turbulent  boundary layer  t h a t  has been 
matched t o  the  measured value a t  
f i g .  19). 
flows which a r e  not only loca l ly  turbulent,  bu t  which a l so  experience 
pressures t h a t  exceed those predicted by theory f o r  three-dimensional 
attached f low.  
and t h e  pressure d is t r ibu t ions  of f igure  18. 
pressure and heating-rate d is t r ibu t ions  can be i l l u s t r a t e d .  
f o r  example, t h e  measured heating rate of 0.78 a t  
taken from reference 23 and shown i n  f igure  22(b). 
measured pressure from reference 23 and with t h e  assumption t h a t  t h e  tur- 
bulent origin i s  a t  t h e  junction of t h e  conical and cy l indr ica l  sections 
of t h e  afterbody, t h e  theory of reference 25 can be used t o  predict  a 
l o c a l  heating r a t e  which i s  0.85 of t h e  stagnation point value. 
t h e  combination of turbulent  f l o w  and high l o c a l  pressures can r e s u l t  
i n  very s d s t a n t i a l  heating r a t e s  on t h i s  apparently sheltered surface.  

S ' / r  = 1.9. The so l id  l i n e  represents 

The broken l i n e  i s  

% = 5 and a = 0' (as w a s  shown i n  
A l a rge  pa r t  of t h e  experimental r e s u l t s  appears t o  represent 

There i s  an obvious similarity between these r e s u l t s  
This correspondence of 

Consider, 
M, = 3.5 and a = 0' 
With the  corresponding 

Thus, 

Real-gas e f f ec t s  on heat- t ransfer  r a t e s  t o  the  afterbody.- The 
Drevious discussion of heating r a t e s  t o  t h e  afterbody of t h e  Mercury 
capsule has  been confined almGst e n t i r e l y  t o  low-enthalpy r e s u l t s .  

5A small D a r t  of t h i s  difference can be  a t t r i bu ted  t o  t he  d i r ec t  
comparison on t h i s  f igure of t h e  {/4s 
enthalpy tes t s  with t h e  low-enthalpy h/h, r a t io s ,  as discussed e a r l i e r .  
However, since l o c a l  Mach nunibers on t h e  af%erbody a re  i n  general l e s s  
than 4, f igure 6 (top) indicates  t he  e f f ec t  of t h i s  mode of comparison 
t o  be of t h e  order of 10 percent or l e s s .  

r a t i o s  f o r  these two higher 
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A br i e f  consideration w i l l  now be  given t o  t h e  heat- t ransfer  rates i n  a 
high-enthalpy environment. In  f igure  23 t h e  r a t i o s  of l o c a l  heating 
r a t e s  t o  stagnation values are presented as a function of stagnation 
enthalpy. 
18, 19, and 23 are presented f o r  t h e  midpoint of t h e  afterbody. The 
r e su l t s  of several  t heo re t i ca l  estimates a r e  a l so  shown i n  f igure  23. 
The curve f o r  equilibrium attached flow w a s  obtained from t h e  f l a t -p l a t e  
solut ion of reference 27 f o r  two-dimensional flow of a dissociated stream 
and t h e  corresponding stagnation point heating r a t e  from reference 13. 
A s  such, t h e  curve i s  bas i ca l ly  an extension of t h e  previous theo re t i ca l  
estimates f o r  low-enthalpy tes t  conditions. 
method, t h e  ana ly t i ca l  r e s u l t  of reference 2 w a s  used without modification 
t o  derive t h e  curve f o r  equilibrium separated flow; t h a t  i s ,  heating r a t e s  
f o r  attached flow were reduced by a factor  of about 2 t o  account f o r  flow 

Data from t h e  present investigation and from references 17, 

For want of a more exact 

separation. The curve f o r  
expression of reference 28 
and a t  a noncatalytic w a l l  
t h e  equation 

frozen attached flow w a s  obtained from the  
which re la tes  t h e  heat f l ux  i n  a frozen flow 
t o  t h e  heat f lux  i n  an equilibrium flow by 

where t h e  quant i ty  (HF2 - HFw) can be  approximated by t h e  term cp(T2 - Tw) 

. 

and t h e  spec i f ic  heat,  cp, does not include t h e  chemical or dissociat ion 
energy.= 
t h e  2-inch shock tunnel  it i s  l i k e l y  tha t  t he  inv isc id  flow over t h e  
afterbody of t h e  model w a s  not i n  chemical equilibrium. 
frozen flow t h a t  i s  introduced here i s  t h e  l imi t ing  case of nonequilibrium 
flow and makes t h e  maximum allowance for t h i s  e f f ec t .  The curve f o r  
frozen separated flow was  obtained with the  a r b i t r a r y  assumption t h a t  t h e  
r a t i o  of heating rates f o r  t h i s  type of flow t o  t h a t  f o r  attached flow i s  
a composite of t h e  two previous e f fec ts  and t h a t  t h e r e  i s  negl igible  
in te rac t ion  between them. Thus, a t  any value of stagnation enthalpy, t h e  
heating-rate r a t i o  due t o  separation was mult ipl ied by t h e  heating-rate 
cha rac t e r i s t i c  of attached frozen flow. 

a t  present,  can be supported only by qua l i ta t ive  arguments. F i r s t ,  t h e  
boundary layer (or  separated flow) on t h e  af'terbody i s  assumed t o  depart  
from chemical equilibrium and, second, t h e  surface i s  assumed t o  be non- 
ca ta ly t i c .  The first assumption i s  based on t h e  analysis  of reference 28 
which ind ica tes  t h a t  chemical nonequilibrium can occur i n  a boundary layer  
(e.g., i n  t h e  stagnation region) even before such e f f e c t s  a r e  encountered 
i n  t h e  l o c a l  inv isc id  flow. The assumption of a noncatalytic surface i s  
a l so  reasonable, s ince t h e  afterbodies of t he  shock tunnel models used t o  
measure heat transfer were made of a p l a s t i c  material. In general, t h e  
l i t e r a t u r e  ind ica tes  t h a t  such materials usual ly  have a much reduced 
c a t a l y t i c  e f fec t  as compared t o  metall ic or metal oxide surfaces. 

It w i l l  be remembered from appendix B t h a t  f o r  t h e  t e s t s  i n  

The concept of 

6The use of t h i s  equation r e s t s  upon two addi t iona l  assumptions which, 
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The experimental r e s u l t s  t h a t  a r e  avai lable  from the  present 
investigation and from t h e  several  references a t  
c ien t  t o  ve r i fy  t h e  numerous assumptions employed i n  t h e  theo re t i ca l  
analysis.  
of heating recorded i n  t h e  shock tunnel  t e s t s  of t h e  present investiga- 
t i o n .  
equilibrium indicate  an increase i n  heating r a t e ,  r e l a t i v e  t o  t h a t  a t  
t he  stagnation point ,  with increasing enthalpy. 
of re la t ive ly  long times of chemical accomodation i s  t o  reduce t h e  l o c a l  
heating-rate r a t i o  as enthalpy i s  increased. 
shock tunnel ( the  diamond symbol and bar)  appear t o  represent an a f t e r -  
body flow which i s  separated and e s sen t i a l ly  i n  t h e  frozen s t a t e .  
t he  basis  of t h i s  very approximate analysis,  then, t h e  e f f ec t  of increas- 
ing enthalpy on afterbody heating r a t e s  appears t o  depend upon t h e  degree 
t o  which t h e  l o c a l  f l o w  departs from chemical equilibrium. 
resul tant  changes a r e  indicated t o  be r e l a t ive ly  s m a l l  i n  absolute magni- 
tude, a t  l e a s t  a t  t h e  locat ion chosen and f o r  t h e  assumptions made, it 
may be possible f o r  t h e  combined e f f ec t s  of flow separation and chemical 
accommodation t o  influence l o c a l  r a t e s  by a f ac to r  of 5 or more at  
stagnation enthalpies approaching t h a t  f o r  s a t e l l i t e  ve loc i ty .  

a = 0' a re  not suffi- 

The purpose of t h e  analysis  i s  merely t o  approximate t h e  l e v e l  

However, it can be seen t h a t  t h e  curves f o r  flow i n  chemical 

Conversely, t h e  e f f ec t  

The data  obtained i n  t h e  

On 

While t h e  

Afterbody Flow Regimes 

In the  present paper l i b e r a l  use has been made of t h e  experimental 
r e su l t s  of several  other  invest igat ions.  The f a c t  t h a t  such data  were 
available has permitted t h e  development, herein, of a more general 
analysis of t h e  body flow f i e l d  and t h e  convective heat- t ransfer  r a t e s  
than would otherwise be possible .  
estimates of l o c a l  r a t e s  can be made i f  t h e  character of t he  afterbody 
flow i s  known e i the r  from pressure measurements or v i sua l  evidence. 
However, t he  usefulness of these r e s u l t s  f o r  appl icat ion a t  f u l l  scale  
i s  obviously hampered by uncertainty as t o  t h e  occurrence and extent of 
flow separation a t  conditions d i f f e ren t  from those spec i f i ca l ly  inves t i -  
gated. 
t o  correlate  t e s t  r e s u l t s  from t h e  various referenced invest igat ions 
with those of t h e  present survey i n  a manner t h a t  might indicate  regimes 
i n  which t h e  afterbody flow i s  e i the r  attached or separated. An attempt 
a t  t h i s  correlat ion i s  presented i n  f igure  24. 
a r e  the  enthalpy r a t i o  +/Hs f o r  t h e  heat shield,  and a cha rac t e r i s t i c  
Reynolds number. This Reynolds number, Q, i s  based on equilibrium-flow 
properties a t  sonic speed i n  t h e  expansion a t  the  edge of t he  heat shield 
and on the length of run t o  t h a t  point .  
of t h e  boundary layer  i n  t h i s  region w i l l  have a strong influence on t h e  
nature of t he  afierbody flow. Likewise, t h e  r a t i o  of surface enthalpy 
t o  some enthalpy cha rac t e r i s t i c  of t h e  stream, i n  t h i s  case stagnation 

It has been found t h a t  reasonable 

Therefore, it appeared log ica l  t h a t  an attempt should be made 

The parameters employed 

It i s  reasoned t h a t  t he  condition 



enthalpy, i s  a l so  per t inent  t o  boundary-layer 

- -  a a a a a a  a m  

d e ~ e l o p m e n t . ~  The t e s t  

29 

poin ts  represent th ree  c l a s s i f i ca t ions  of afterbody flow - attached, 
p a r t i a l l y  attached (or reattached) , a n d .  separated, as indicated by t h e  
f i l l e d ,  half  f i l l e d ,  and open symbols, respectively.  I n  prac t ice  it w a s  
not always possible  t o  make such c lass i f ica t ions  on t h e  bas i s  of v i sua l  
evidence alone so t h a t ,  where possible,  both pressures and heating rates 
were used f o r  added ver i f ica t ion .  
shown i n  f igure  24 a r e  th ree  curves which show t h e  h i s t o r i e s  of enthalpy 
r a t i o  and Reynolds number f o r  a typ ica l  en t ry  t r a j ec to ry  of a Mercury 
capsule and f o r  t h e  en t ry  of an Atlas-boosted research and development 
vehicle .  
curves which a r e  f o r  assumed w a l l  temperatures of 500' R and 2000' R. 
The so l id  curve represents a portion of t h e  t r a j ec to ry  of t h e  f l i g h t  
vehicle  and w a s  obtained from t h e  r e su l t s  of references 29, 30, and 31. 

Important additions t o  t h e  t e s t  po in ts  

The calculated t r a j ec to ry  i s  represented by t h e  two broken-line 

Although t h e  r e s u l t s  presented i n  f igure  24 do not show any clear-cut  
correlat ion,  t he re  a r e  several  indicated t rends t h a t  a r e  worthy of mention 
and t h a t  r e l a t e  t h e  t e s t  da ta  t o  t h e  reference curves. The study ind i -  
ca tes  (as might be expected) t h a t  the  flow regime on the  afterbody depends 
on t h e  character  of t h e  boundary layer i n  t h i s  region. This dependence 
i s  re f lec ted  i n  the  t rend toward attached flow with increasing Reynolds 
number, a t  constant enthalpy r a t i o ,  shown i n  t h e  f igure.  Presumably, t he  
boundary-layer flow over t h e  afterbody changes from laminar t o  turbulent  
as the  Reynolds number at t h e  corner increases by one t o  two orders  of 
magnitude. 
flow w a s  found t o  occur when t h e  surface of t h e  heat shield w a s  roughened. 
The two tes t  points  i l l u s t r a t i n g  t h i s  result (which w a s  obtained a t  
& = 3.3) a re  shown i n  f igure  24 at ju s t  under one mil l ion and 
a t  %/Hs of about 0.3. A somewhat analogous change seems t o  occur i n  
t h e  case of t h e  fu l l - s ca l e  research vehicle. The pa r t i cu la r  port ion of 
t h e  en t ry  f l i g h t  shown by the  so l id  curve i n  f igure  24 spans a time in t e r -  
v a l  of about 35 seconds during which the  f l i g h t  Mach number dropped from 
about 21 t o  12.5 and t h e  a l t i t u d e  changed from about 220,000 t o  
l50,OOO f ee t .  
loca t ions  on t h e  afterbody increased so as t o  become equal t o  or grea ter  
than t h e  corresponding estimated values f o r  attached laminar flow, This 
behavior i s  i l l u s t r a t e d  i n  f igure  12 of reference 31  and could be t h e  
r e s u l t  of a gradual reattachment, with increasing Reynolds number, of a 
previously separated afterbody flow. 

In reference 32 a similar change from separated t o  attached 

R* 

In  t h i s  i n t e rva l  t h e  measured heating r a t e s  a t  various 

The observed t rend noted above i s  v io la ted  by several  t e s t  po in ts  

I& < 5 where, as w a s  mentioned e a r l i e r  i n  t h e  
a t  t h e  higher Reynolds numbers shown i n  f igure  24. 
da t a  represent t e s t s  a t  
discussion of f igure  18, the  afterbody flow apparently changes from 

I n  general, these 

separated t o  attached with increasing &. Again, a similar r e s u l t  has 
7It i s  recognized t h a t  t h e  chosen parameters, while s i m i l a r  t o  those 

used i n  t h e  l i t e r a t u r e  t o  define boundary-layer t r a n s i t i o n  on continuous 
surfaces,  may not be sufficient t o  describe a l l  f ac to r s  which influence 
t h e  behavior of separated flows. 
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c . 
been reported i n  reference 32. 
f igure  18 by the  open square symbol a t  
M, = 3.3) and the two f i l l e d  square symbols a t  s l i g h t l y  lower Reynolds 
numbers, which represent higher Mach number t e s t  conditions i n  t h i s  same 
f r e e  - f l igh t  f a c i l i t y  . 

This l a t t e r  r e s u l t  i s  represented i n  
R* about lo6 (which i s  for 

For similar reasons, t he  flow regime on t h e  afterbody seems t o  
depend on w a l l  enthalpy. Some tendency f o r  a decrease of separation 
with decreasing enthalpy r a t i o  can be seen i n  f igure  24, f o r  example, 
a t  R, of about lo5. This e f f ec t  might conceivably be r e l a t ed  t o  the  
phenomenon of t r a n s i t i o n  reversa l .  The regime of p a r t i a l l y  attached 
flow covers a surpr is ingly wide range of enthalpy r a t i o s .  This regime 
might well be characterized by free-boundary t r a n s i t i o n  i n  a separated 
afterbody f l o w  followed by reattachment on t h e  cy l indr ica l  sect ion.  
This f l o w  pa t te rn  has been discussed i n  several  preceding sect ions of 
t he  present report .  It i s  apparent, however, t h a t  addi t ional  information 
of a more systematic nature w i l l  be  required t o  e s t ab l i sh  an adequate 
correlat ion of t h i s  type.  I n  par t icu lar ,  most of t h e  present r e s u l t s  
apply t o  a steady f l i g h t  a t t i t u d e  a t  a = Oo, whereas it has been shown 
i n  reference 32 t h a t  a nonsteady or osc i l l a t ing  f l i g h t  behavior can 
s t rongly a f f ec t  the  afterbody-flow development. There i s  a l s o  the  d i s -  
t i n c t  poss ib i l i t y  t h a t  the  chemistry of t h e  flow over t h e  afterbody could 
influence t h e  separation behavior. This question has only been touched 
upon in the present report ,  and then i n  connection with s m a l l  models f o r  
which the flow residence time i s  very b r i e f .  

Despite the  numerous qua l i f ica t ions  which have been placed on the  
experimental r e s u l t s  shown i n  f igu re  24, there  i s  strong evidence from 
both wind-tunnel and f l i g h t  t e s t s  t h a t  t h e  afterbody flow w i l l  not be 
separated throughout a l l  of t he  en t ry  f l i g h t  of a f u l l - s c a l e  capsule. 
The reference curves and t he  data  presented ind ica te  t h a t  t h e  flow over 
the  afterbody of t he  capsule could progress from t h e  separated t o  the  
attached phase. 
nat ion point might wel l  occur within the regime of p a r t i a l l y  attached 
flow. This combination of events could be expected t o  r e s u l t  i n  
subs tan t ia l  heating r a t e s  on the  cy l ind r i ca l  sect ion of t he  afterbody. 

The region of m a x i m u m  convective heating t o  the  s tag-  

CONCLUSIONS 

A n  experimental invest igat ion has been conducted t o  determine t h e  
convective heat- t ransfer  r a t e s  and t h e  surface pressures on a blunt-  
nosed body of revolution closely comparable t o  the  Mercury capsule 
re-entry configuration. 
t es t  r e su l t s  which were obtained f o r  Mach numbers from 3.4 t o  14.7, 
angles of a t tack from 0' t o  loo, and stagnation enthalpies  up t o  5000 Btu 
per pound: 

The following conclusions have been drawn from 



1. Stagnation-point heat- t ransfer  r a t e s ,  a t  angles of a t tack  near 
zero, a r e  about 13 percent i n  excess of nominal values f o r  a spherical  
stagnation region due t o  increase i n  veloci ty  gradient.  The measured 
r a t e s  agree with theo re t i ca l  estimates based on measured pressure d i s -  
t r i bu t ions .  These r e s u l t s  can be correlated in a maruler t h a t  shows a 
r e l a t i v e l y  minor dependence on stagnation enthalpy leve l .  

2. The heating-rate d i s t r ibu t ion  over t h e  nose (heat  sh ie ld)  
develops a subs t an t i a l  asymmetry with increasing angle of a t tack .  
r e su l t s ,  when considered i n  conjunction with those of other  invest igat ions,  
ind ica te  t h a t  t h i s  asymmetry i n  heating r a t e  can be a t t r i bu ted  t o  e f f e c t s  
of t h e  flow expansion a t  t he  edge of the heat sh ie ld  on the  pressure 
d i s t r ibu t ion  and local-flow ve loc i t i e s  over t he  heat-shield surface. 

Present 

3 .  Afterbody pressures and pressure gradients  may be estimated 
with f a i r  accuracy if the  boundary layer i s  not separated. 
rence of boundary-layer separation, par t icu lar ly  a t  small angles of 
a t tack,  can cause r e l a t i v e l y  large increases i n  afterbody pressures.  

The occur- 

4. Afterbody heat - t ransfer  r a t e s  a t  low-enthalpy t e s t  conditions 
var ied from about 5 t o  10 percent of the stagnation heating r a t e  over 
most of t he  afterbody surfaces .  In  some cases, however, t he  e f f e c t s  of 
flow separation were such t h a t  values from 2 percent t o  almost 40 percent 
of t h e  stagnation value were encountered. 
heating r a t e s  t o  the  afterbody can be estimated from measured pressure 
d i s t r ibu t ions  i f  t h e  nature  of t he  afterbody flow, whether attached or 
separated, i s  known. Similar estimates f o r  high-enthalpy conditions 
should make allowance f o r  t he  e f f e c t s  of any chemical nonequilibrium in 
the l o c a l  flow. 

The magnitude of t he  convective 

5 .  Boundary-layer separation i s  the  most important s ingle  f a c t o r  
a f fec t ing  afterbody pressures and heat-transfer r a t e s .  It i s  re la ted  
t o  t h e  existence of a laminar boundary-layer condition a t  t he  edge of 
the  heat sh i e ld  and a laminar free-boundary condition over t he  afterbody. 
When separation occurs, it i s  of ten followed by t r a n s i t i o n  t o  turbulent  
flow within the  f r e e  boundary at r e l a t ive ly  low Reynolds numbers and a 
subsequent flow reattachment. This s i tua t ion  i s  cha rac t e r i s t i c  of t h e  
t e s t  configuration and gives r i s e  t o  very subs tan t ia l  afterbody heating 
rates. Test r e s u l t s  ind ica te  t h e  p o s s i b i l i t y  of t h i s  type of afterbody 
flow during a subs t an t i a l  portion of a normal en t ry  f l i g h t .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Calif . ,  Nov. 20, 1961 
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APPENDIX A . 

C4LIBRATION OF THE 2-INCH SHOCK TlTNNEL 

Recent s tudies  of t he  physics and chemistry of high-energy gases 
have shown t h a t  during t h e  expansion of a gas from high temperature and 
pressure i n  a reservoir  t o  high ve loc i ty  i n  a supersonic nozzle, a l o c a l  
condition of chemical nonequilibrium may be encountered. I f  reservoir  
enthalpy i s  su f f i c i en t ly  high t o  cause dissociat ion of p a r t  of t h e  gas, 
it appears t h a t  as t h e  flow expands through t h e  nozzle the  chemical 
composition w i l l  f reeze a t  some intermediate value f o r  which t h e  chemical 
reaction times become large compared t o  the  flow residence time. When 
t h i s  occurs, some port ion of  t he  gas remains i n  t h e  dissociated s t a t e .  
Therefore, t h e  t e s t  stream can be considerably d i f f e ren t  from t h a t  which 
would r e su l t  f rom an isentropic  equilibrium expansion. One addi t ional  
fac tor  t h a t  influences t h e  t e s t  stream of a high-energy gas flow f a c i l i t y  
i s  the  loss of heat t o  the  reservoir  and nozzle w a l l s .  This heat loss 
can be eas i ly  evaluated by ca l ibra t ion  of the  t e s t  stream, i f  t he  flow 
i s  i n  chemical equilibrium. However, f o r  t h e  case of nonequilibrium 
flow, it i s  d i f f i c u l t  t o  separate the  e f f ec t s  of t h i s  nonadiabatic 
process from those of t h e  nonequilibrium process. 

One method f o r  evaluation of these nonadiabatic, nonequilibrium 
e f fec t s  on the  flow i n  the  shock tunnel used i n  t h e  present invest igat ion 
w i l l  now be  considered. The method consis ts  of two s e t s  of nozzle flow 
calculations,  each with a simplified model of t he  expansion process, 
which can be used t o  place limits on t h e  ac tua l  flow behavior. 
of these simplified models i s  based on the  assumption t h a t  t he  flow i s  
nonadiabatic by v i r tue  of heat l o s s  t o  the  nozzle wal ls  and t h a t  t h i s  
heat l o s s  w i l l  account f o r  any discrepancies i n  measured stream proper- 
t i e s ;  the second model makes use of t h e  assumptions t h a t  heat loss t o  
t he  walls i s  negl igible  and t h a t  any lack of agreement among t h e  measured 
stream propert ies  can 'be a t t r i bu ted  e n t i r e l y  t o  a departure from l o c a l  
equilibrium of the  chemical and v ibra t iona l  energies i n  the  flow. 

The f i rs t  

A s  a s t a r t i n g  point i n  t h e  analysis  it can be shown t h a t  t he  nozzle 
flow does not correspond t o  an equilibrium isentropic  expansion. The 
measured reservoir  and stream conditions a re  as follows: a reservoir  
pressure of 823 atmospheres (12,100 psia), a stagnation pressure behind 
a normal shock i n  the  t e s t  stream of 74 ps ia ,  a corresponding s t a t i c  
pressure of about 0.81 ps ia ,  and a stream ve loc i ty  of 14,400 f e e t  per  
second. 
and from an i n i t i a l  pressure of 10 ps i a  which l e d  t o  a nominal reservoir  
enthalpy of 3,410 Btu per  pound. For an equilibrium isentropic  flow, gas 
expanding from t h e  noted reservoir  conditions t o  t h e  measured stream 
veloci ty  would have the  propert ies  shown i n  case 1 of t a b l e  11. In 

The a i r  i n  t h e  reservoi r  was compressed from room temperature 

* 
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4 
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p a r t i c u l a r ,  stagnation pressure behind a normal shock wave would be 
3-l/2 times greater ,  and stream s t a t i c  pressure would be 1 2  times grea te r  
than t h e  values that were measured. For t h i s  reason the  flow i s  known 
t o  be nonisentropic. 

I n  t h e  present discussion, it w i l l  be considered first tha t  t h e  
differences between the  measured pressures and those f o r  an i sen t ropic  
expansion a re  due t o  t h e  e f f e c t s  of nonadiabatic flow; spec i f i ca l ly ,  
t he  t o t a l  enthalpy and t h e  entropy of the t e s t  stream were var ied t o  
match ce r t a in  f ixed  t e s t  conditions a s  outlined below. Results of cal-  
culat ions by t h i s  method a re  shown as cases 2 ,  3 ,  and 4 of t a b l e  11. 
(Note t ha t  entropy (S/R) can decrease or increase from t h e  reservoi r  
value, i f  t h e  net  e f f e c t  i s  t h a t  of heat removal o r  heat addition.)  
I n  case 2 the  measured p i t o t  pressure,  veloci ty ,  and the  nominal stag- 
nation enthalpy were held constant while t h e  s t a t i c  pressure and entropy 
l e v e l  of t h e  stream were allowed t o  vary. In  case 3 the  stream t o t a l  
enthalpy w a s  unres t r ic ted  but  t he  entropy l e v e l  was  f ixed at about the  
nominal reservoi r  value. 
unres t r ic ted  and i t e r a t i o n  proceeded u n t i l  the  measured stream s t a t i c  
and p i t o t  pressures were sa t i s f i ed .  
with t h e  measured s e t  of stream conditions at  a stream t o t a l  enthalpy 
of 4445 Btu per  pound and a t  an entropy l e v e l  (S/R) of 29.80. 
value of t o t a l  enthalpy, a stream Mach number of 8.39 was obtained, a s  
shown i n  case 4. Thus, a loss  i n  t o t a l  enthalpy of some 18 percent i s  
indicated during the  expansion process, i f ,  of course, t h e  flow i s  
assumed t o  be i n  equilibrium. 

Final ly ,  i n  case 4 t h e  entropy l e v e l  was a l s o  

The estimates were found t o  agree 

For t h i s  

It w i l l  now be considered t h a t  the difference between t h e  measured 
stream proper t ies  and those f o r  an isentropic equilibrium flow i s  due 
t o  the  e f f e c t s  of l o c a l  nonequilibrium flow. In these estimates,  it 
w i l l  'be assumed, a f t e r  the  method of reference 33, t h a t  t h e  energies of 
both molecular vibrat ion and dissociat ion a r e  made unavailable by freezing 
of the  nozzle flow. 
i s  i n  equilibrium u n t i l  some point i n  the  expansion and t h a t  it i s  frozen 
downstream of t h a t  point .  
f reeze,  w a s  used as a parameter i n  t he  calculat ions.  It was a l so  assumed 
t h a t  i n  each case the  frozen flow expanded t o  t h e  geometric nozzle-exit 
a r ea  r a t i o  which w a s  315. The freeze was assumed t o  occur a t  area r a t i o s  
of 100, 10, and 1 and t h e  calculated results a r e  shown as cases 6, 7, 
and 8 i n  t a b l e  I1 and i n  f igure  25. The l imi t ing  case of equilibrium 
flow i s  included f o r  comparison as  case 5 i n  t a b l e  11. 
i n  f igu re  25, both t h e  measured stream ve loc i ty  (14,400 fps) and t h e  
measured s t a t i c  pressure (range of values from 0.73 t o  0.86 ps ia )  indi-  
cated t h a t  t he  departure from chemical equilibrium, i n  e f f e c t ,  occurs a t  
an area r a t i o  of approximately 5. The resu l tan t  conditions a r e  shown as 
case 9 i n  t a b l e  I1 where the  corresponding Mach number i s  seen t o  be 8.4, 
while t h e  Reynolds rimer i s  l.u<106 per foot .  

In  the  calculations,  it i s  considered tha t  the  flow 

The area r a t io  A/A,, a t  the  point of t h e  

A s  can be seen 

The molecular-weight 
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r a t i o  and the  d i s t r ibu t ion  of enthalpy, a l so  as functions of t h e  nozzle- 
a rea  r a t io ,  a r e  presented i n  f igure  26. 
it can be seen t h a t  about 1000 Btu pe r  pound w i l l  be unavailable. 

I f  t h e  f l o w  freezes a t  A/A, z 5 ,  
1 

It i s  somewhat surpr is ing t h a t  these stream conditions, based on 
t h e  assumption of nonequilibrium nozzle flow, correspond so closely t o  
those obtained e a r l i e r  f o r  t he  equilibrium nonadiabatic case (case 4, 
t a b l e  11). Note, however, t h a t  t he  avai lable  energy i n  both cases i s  
n e a r l y t h e  same and t h a t ,  since only about one t h i r d  of t he  oxygen i s  
dissociated i n  t h e  nonequilibrium case, t h e  two gas streams a r e  not 
widely diss imilar .  Thus, it i s  apparent t h a t  t h e  measured stream proper- 
t i e s  could represent e i the r  of t he  two t e s t  streams; one, an equilibrium- 
gas flow with subs tan t ia l  heat losses  i n  the  reservoir  and nozzle; t h e  
other ,  a stream which does not lose heat t o  i t s  surroundings but  i s  not 
i n  chemical equilibrium. Now, each of these p o s s i b i l i t i e s  i s  a somewhat 
idealized s i tua t ion ,  since t h e  flow i s  not l i k e l y  t o  be e i t h e r  completely 
frozen or completely i n  equilibrium. Additional information i s  required 
t o  resolve t h e  problem of what a r e  t h e  ac tua l  stream properties.  For 
example, i n  order t o  make a more quant i ta t ive  estimate of the  heat loss 
it i s  necessary t o  have an addi t ional  independent measurement t h a t  i s  
charac te r i s t ic  of t he  t e s t  stream. A t  present ,  stagnation heating r a t e  
i s  the  only such measurement avai lable .  Therefore, a t  the  sac r i f i ce  of 
t he  t r ad i t i ona l  independence between stream ca l ibra t ion  and t h e  t e s t  
program, and t o  the  accuracy inherent i n  the  theory of reference 13, 
stagnation heating r a t e  w i l l  be used t o  define t h e  t o t a l  enthalpy of 
t h e  t e s t  stream. It i s  assumed here t h a t  t h e  flow behind the  normal 
portion of t h e  bow shock i s  i n  chemical equilibrium. 
t h e  stagnation heat rate, &, i s  a function only of gas propert ies  a t  
stagnation temperature, stagnation pressure, and body surface temperature. 
Since stagnation pressure and surface temperature a re  known, the  heating 
r a t e  can be used t o  define t h e  stream t o t a l  enthalpy. The r e su l t s  of 
t h i s  method a re  shown i n  f igure  27, where stagnation heating r a t e  i s  
shown as a function of stagnation enthalpy. The measured r a t e  indicates  
t he  probable stream t o t a l  enthalpy, i n  t h i s  case, t o  be about 5000 Btu 
per  pound. 
about 400 B t u  per  pound, i s  a measure of heat l o s t  t o  t he  nozzle and 
tes t -sect ion w a l l s .  The difference between the  5000 Btu per  pound and 
t h e  value computed f o r  t he  equilibrium case (-4450 Btu/pound) i s  about 
t h e  same magnitude as t h e  dissociat ion energy shown i n  f igure  26 a t  
(A/A*)F = 5. 
t o  question a t  present,  although it should be noted t h a t  t he  v ibra t iona l  
energies a re  l i k e l y t o  be i n  loca l  equilibrium a t  these flow conditions. 

of reference 34, where the  expansion of a pure oxygen stream i n  a 15' 
hyperbolic nozzle from a reservoir  pressure of 642 atmospheres and tem- 
perature of 10,620°R w a s  calculated t o  depart from chemical equilibrium 
at  an area r a t i o  of about 5 .  
frozen a t  
dissociated s t a t e .  

From reference 13, 

The difference between t h i s  value and the  reservoir  enthalpy, 

Whether or not t h i s  correspondence i s  s igni f icant  i s  open 

LA somewhat s imilar  r e s u l t  has been found i n  t h e  theo re t i ca l  analysis  

The stream was indicated t o  be e s sen t i a l ly  
A/A, of about 23 with about one t h i r d  of t h e  oxygen i n  the  

* 
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Now, since both t h e  upper and lower l imit ing stream conditions t h a t  match 
t h e  measured propert ies  have close t o  t he  same Mach number and Reynolds 
nwriber, it i s  postulated t h a t  these two parameters w i l l  be about t h e  same 
at  t h e  intermediate enthalpy defined by t h e  above analysis.  The only b i t  
of evidence outstanding t h a t  has been obtained and not used i s  t h e  shock- 
wave angle from t h e  sharp leading edge of a p l a t e  used t o  measure s t a t i c  
pressure.  With reference 33 as a guide, along with t h e  assumed uni t  
Reynolds number and the  appropriate distance f romthe  leading edge, it 
w a s  found t h a t  t h e  shock angle should be incl ined a t  about 1-1/2 times 
t h e  Mach angle. 
angle resu l ted  i n  an indicated Mach number of 8.5 

Application of t h i s  r a t i o  t o  the  measured shock-wave 

It i s  concluded, therefore ,  t h a t  t he  t e s t  stream i n  t h e  shock tunnel  
during t h i s  invest igat ion w a s  not i n  chemical equilibrium and t h a t  t h e  
stream i s  bes t  approximated by the  conditions l i s t e d  as case 10 i n  
t a b l e  11. 



36 

APPENDIX B 

CHEMICAL EQUILIBRIUM m MODEL FLOW 

I 
b 

FIELD 

It has been shown i n  appendix A t h a t  t he  t es t  stream of t h e  2-inch 
A 

Consider first t h e  region between the  normal port ion of 

shock tunnel i s  probably not i n  a condition of chemical equilibrium. 
re la ted  condition may a l so  exist i n  t h e  flow about t he  t e s t  models i n  
t h i s  f a c i l i t y .  
t h e  shock wave and t h e  stagnation point of t he  body, t h e  dimensions of 
which are characterized by t h e  shock-detachment distance.  Now, t h e  A 
shock-detachment distance has been shown t o  be pr imari ly  a function of 4 
the  density r a t i o  t h a t  e x i s t s  across the  shock wave. (See, e.g., 8 
refs .  36 and 37.) Therefore, t h e  detachment distance should be an indi-  9 
cator  of f l o w  propert ies ,  since shock-density r a t i o  i s  influenced by  
chemical nonequilibriwn. Measured values of detachment dis tance f o r  t h e  
present invest igat ion a re  shown as a function of stagnation t o  free-stream 
densi ty  r a t i o  i n  f igure  28(a).  
curve f o r  hemispheres i s  shown, along with a modification of t h i s  var ia-  
t i o n  t o  account f o r  t h e  "sonic corner e f fec t"  of t h e  Mercury capsule 
configuration.' The adjusted curve appears t o  pred ic t  t he  t rend of t h e  
data  but i s  s l i g h t l y  low i n  magnitude. Note t h a t  t he  shock-tunnel data  
a re  i n  agreement with t h e  r e l a t ive ly  low-enthalpy wind-tunnel and f ree-  
f l i g h t  data a t  point @, where, as shown i n  t h e  legend, t h e  flow upstream 
of t h e  shock wave i s  assumed t o  be frozen while t h a t  downstream of t h e  
shock wave i s  assumed t o  be i n  equilibrium. 
e f f ec t  of stagnation enthalpy on the  va r i a t ion  of detachment dis tance 
with Mach number, with t h e  theo re t i ca l  curves t h a t  represent equilibrium 
flow derived from t h e  adjusted A/R var ia t ion  ( the  so l id  curve) of 
f igure  28(a) .  
r a t i o  p,/p, f o r  a given and Hs and finding t h e  corresponding A/R 
from t h e  reference curve. Data a r e  a l so  shown from references 17 and 18. 
Again, point @ appears i n  bes t  agreement with t h e  average of t h e  meas- 
ured r e su l t s  from t h e  shock tunnel  and indicates  t h a t  t h e  measured A/R 
i s  t h a t  for which t h e  flow approaching the  stagnation point of t h e  body 
i s  i n  equilibrium. 

For comparison, a composite t heo re t i ca l  

Figure 28(b) shows t h e  

These curves were obtained by computing the  densi ty  

An a l te rna te  approach t o  t h e  question of flow composition i n  t h e  
stagnation region i s  t o  estimate the  time required f o r  t he  shock-heated 
gas t o  achieve equilibrium and compare t h i s  t o  t h e  time required f o r  t h e  
gas t o  t r ave l  from t h e  shock wave t o  t h e  body. This has been done i n  an 
approximate fashion, using t h e  relaxat ion data  of references 38 and 39 
as a guide, and t h e  r e s u l t s  indicate  t h a t  t h e  flow should be close t o  

=The ef fec t  of sonic flow at  the  corner of t h e  heat sh i e ld  i s  
covered i n  some d e t a i l  i n  t h e  main body of t h i s  report .  
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equilibrium by t h e  time it reaches the  body. Thus, within t h e  accuracy 
of these t w o  estimates,  it would appear t h a t  t h e  stagnat;ion region of a 
model i n  the  shock tunnel i s  enveloped i n  a gas which is i n  chemical 
equilibrium. 

This method of flow analysis  has also been applied t o  the  flow f i e l d  
downstream of the  stagnation point. The r e s u l t s  of 
t h i s  analysis  ind ica te  t h a t  t h e  inviscid flow approaching t h e  corner of 
t h e  heat shield makes only a small departure from the  equilibrium 
condition. On t h e  conical afterbody, f o r  t h e  case of a f a i r l y  complete 
expansion a t  t h e  corner, t he  f low i s  indicated t o  be wel l  i n to  the  
frozen-flow regime. 
data  should be representative of equilibrium flow, while afterbody da ta  
may r e f l e c t  subs tan t ia l  nonequilibrium e f fec t s  i n  t h e  l o c a l  flow. 

(See a l so  ref.40.) 

On the  bas i s  of t h i s  analysis ,  then, heat-shield 
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A-25213.1 
(a) Afterbody thermocouple in s t a l l a t ion .  

A-25212 

(b) Condition of copper heat shield before and after t e s t .  

Figure 2.- Heat-transfer models f o r  t h e  2-inch shock tunnel.  
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